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The Hawaiian bobtail squid, Euprymna scolopes, maintains a diverse bacterial consortium in 
epithelium lined tubules in a female reproductive organ, the accessory nidamental gland (ANG). 
During egg laying, bacteria from the ANG are deposited into a jelly coat (JC) that surrounds the 
yolk sac. The ANG/JC communities are composed of Alphaproteobacteria, Verrucomicrobia, 
Flavobacteriia, and Gammaproteobacteria. Removing or altering the JC bacterial community 
leaves eggs vulnerable to biofouling and infections. To understand the metabolism of this 
community and look for potential mechanisms of egg defense, the antimicrobial activity of 
ANG/JC symbionts was tested, 4 ANG metagenomes were sequenced, and metatranscriptomes 
were sequenced from 6 ANGs, 6 freshly laid egg JCs, 5 JCs from eggs midway through 
development, and 5 JCs that were challenged with a fungal pathogen for half of egg 
development. Inhibition against Gram-negative and/or Gram-positive marine bacteria was seen 
in 20% of tested isolates, and strong to moderate activity against the fungal pathogen, Fusarium 
keratoplasticum, was seen in 33% of tested isolates in vitro. Metagenomic sequencing of the 
ANG resulted in recovery of 9 new high quality genomes from Verrucomicrobia, 
Alterythrobacter, Mesorhizobium, and Vibrio strains. Mapping metatranscriptomic reads to one 
Verrucomicrobia genome revealed utilization of many nutrients in the ANG and JCs, including 
 
 
fucose, sulfate, and sialic acid, likely originating from host-produced glycoproteins. Analysis of 
the ANG metagenome also predicted 255 secondary metabolite biosynthetic gene clusters, which 
may produce or regulate some antimicrobial compounds that could act in egg defense. Of these 
clusters, genes for synthesis of nonribosomal peptide synthetases (NRPSs), polyketide synthases 
(PKSs), terpenes, bacteriocins, thiopeptides, homoserine lactones, siderophores, and aryl 
polyenes were expressed at similar levels between all ANG and JC samples. The antimicrobial 
compounds, indigoidine and bromoalterochromides, were described in two JC isolates, 
Leisingera sp. JC1 and Pseudoalteromonas sp. JC28. Expression of secondary metabolite genes 
in the ANG and eggs demonstrated the potential for other defensive bioactive compounds to be 
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All organisms, from single-celled protists to multi-cellular plants and animals, live in 
association with microbes (1). These symbiotic relationships exist on a spectrum of mutualism to 
parasitism. Symbioses that provide benefits to the host can generally be categorized as either 
nutritional, where microbes provide essential nutrients not found in the host’s diet (2), or 
defensive, where microbes provide either direct or indirect host protection from predators, 
parasites, or pathogens. Nutritional symbioses are often obligate associations, where symbionts 
are vertically transmitted from parents to offspring. In some cases this has resulted in genome co-
evolution, such as the reduction of symbiont genomes to rely on host genomes for completion of 
metabolic pathways (3). It should be noted that there are exceptions to this mode of transmission, 
such as the obligate, horizontally-acquired sulfur-oxidizing endosymbionts of deep sea 
tubeworms (4). Defensive symbioses can be more flexible, where phylum-level taxa may be 
conserved with greater diversity in lower taxonomic levels (5). These associations are more 
frequently horizontally transmitted, where each generation must acquire their symbionts from the 
environment. Symbiont strain metabolism can vary between host species and host populations, 
potentially to adapt to local threats (6). 
 The host protection provided by defensive symbionts can occur through competitive 
exclusion, indirect priming of the host’s immune system, or direct production of bioactive 
compounds. Competitive exclusion, or colonization resistance, in the mammalian gut occurs 
when a stable, dense microbial community can prevent invasion of potential pathogens (7). 
When this microbial community is disturbed, such as by antibiotics, the opportunity for a 
pathogen to invade or dominate the community increases. For example, in humans this can result 
in Clostridium difficile infections, the causative agent of pseudomembranous colitis, but 
treatment with fecal microbiota transplantation from a healthy donor can restore the normal gut 
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community within the next day (8). The colonization of a host by microbes can be necessary to 
prime certain aspects of the host’s immune system. Colonization of the roots of many plants by 
bacteria and arbuscular mycorrhizal fungi can induce the plant to produce more cellular defenses 
in response to pathogen attack in distant parts of the plant, such as in the leaves (9). In the 
mosquito, Aedes aegypti, infection with Wolbachia wAlbB induces resistance to the dengue virus 
through up-regulation of the host’s NADPH oxidase and production of reactive oxygen species, 
which in turn increases the host’s production of antimicrobial peptides, cecropins and defensins 
(10). Studies from axenic mice have shown that a conventional gut microbiome is necessary for 
proper development of Peyer’s patches in the small intestine, mesentery lymph nodes, and 
regular levels of T cells, IgA, and other immune factors (11).  
There have been a number of organisms across the tree of life where the origin of 
defensive compounds can be assigned to symbiotic microbes. The sponge, Theonella swinhoei, is 
protected by the cytotoxic macrolide, swinholide A, produced by unidentified heterotrophic 
bacteria (12)(13), and an antifungal glycopeptide, theopalauamide, produced by ‘Candidatus 
Entotheonella palauensis’ (14)(15). A bacterium isolated from salamander skin, 
Janthinobacterium lividum, produces indole-3-carboxaldehyde and violacein, which can inhibit 
the fungal skin pathogen, Batrachochytrium dendrobatidis (16). Fungus-farming ants possess 
Pseudonocardia and Streptomyces bacteria on their cuticle, which produce antifungals such as 
candicidin, dentigerumycin, and a nystatin-like polyene, which inhibit a fungal pathogen of the 
fungus gardens that the ants maintain as a food source (17)(18). While there are many examples 
of microbes protecting the adult life stages of organisms, there have been fewer examples of 




Defensive Symbioses in Eggs/Larva 
Production and survival of offspring must occur in the face of many biological and 
environmental stressors, such as predation, climate change, or risk of infection (19)(20). Animals 
that deposit eggs in soil must contend with 108 -109 bacteria and 105 -106 fungi per gram of soil 
(21), and eggs in marine environments face 106 bacteria per milliliter of seawater (22). 
Particularly for aquatic eggs, biofilms can form on biotic or abiotic surfaces within minutes (23), 
and eggs in gelatinous masses develop at the limit of oxygen availability, so any additional 
biomass could further deplete oxygen from the embryos (24). Many animals display protective 
behaviors to defend their eggs, such as guarding/carrying, cleaning, or aerating eggs (25)(26). 
Animals that do not provide parental care may use a combination of egg structure (27)(28), 
provision of antimicrobial peptides (29)(30), or symbiotic microbes to defend their eggs (31).   
 
Terrestrial egg/larva defense 
 Studies of chemical ecology and symbiosis in terrestrial systems have revealed several 
examples of organisms that use the chemicals derived from their symbionts to protect their 
offspring. Entomopathogenic nematodes have a complex life cycle and benefit from microbial 
compounds at all stages. Nematodes of the Steinernematidae family are colonized by 
Xenorhabdus sp. and Heterorhabditidae nematodes are colonized by Photorhabdus sp. (32). 
Both groups of nematodes enter an insect host during their infective juvenile stage, kill the host, 
and then mature and reproduce in the same host until all resources have been utilized, at which 
point infective juveniles emerge to find a new host. While several secondary metabolites 
produced by the symbionts contribute to killing the insect, many other compounds are involved 
in preserving the cadaver for the maturing nematodes. Both Xenorhabdus and Photorhabdus 
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produce rhabduscin and chitinases, which aid in insect killing, but also deter fungal competitors 
(33)(34)(35). Some small molecules that defend the cadaver from bacterial competitors include 
bacteriocins, stilbene, nematophin, indole derivatives, and anthraquinone derivatives (36). An 
ant-deterrent factor also prevents ants from feeding on the insect cadaver (37). 
 Some beetle species utilize microbes to defend their eggs from infection and predation. 
Female rove beetles, Paederus spp., have a facultative symbiosis with a Pseudomonas sp. which 
can produce pederin (38). Symbiotic females pass their pederin-producing symbionts into their 
eggs, and larvae that possess pederin deter spider predators (39). The Lagria villosa beetles 
possess different Burkholderia gladioli strains that are vertically transmitted in their eggs. These 
B. gladioli strains make several compounds that protect the eggs from fungal infections, 
including lagriamide (40), toxoflavin, caryoynensin, lagriene, and sinapigladioside (41). The 
Euops leaf-rolling weevils deposit their eggs and spores of an ectosymbiont, Penicillium herquei, 
in leaf cradles that develop on the soil floor. The P. herquei fungus makes (+)-scleroderolide, 
which inhibits growth of filamentous fungi, yeast, and bacteria normally found on leaves used to 
create cradles (42). 
 Other insects with known microbial chemical defense of their offspring include bees, 
wasps, and flies. Eusocial honey bees, Apis mellifera, feed their larvae bee bread, a mixture of 
pollen and nectar fermented by lactic acid bacteria, Lactobacillus and Bifidobacterium, in the 
worker bee’s honey stomach. Although the larvae are not colonized until they emerge as adults 
(43), bacteria in their diet may protect them from infections. Paenibacillus larvae spores cause 
lethal infections in larvae, but one study has shown that significantly fewer larvae die when fed a 
mixture of P. larvae and lactic acid bacteria, compared to larvae fed P. larvae alone (44). The 
exact mechanism behind this defense is unknown but could be related to the antimicrobials lactic 
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acid bacteria produce, such as organic acids, hydrogen peroxide, and antimicrobial peptides. A 
predator of bees, solitary beewolf wasps, Philanthus spp., possess specialized antennal glands 
that house the actinobacteria, ‘Candidatus Streptomyces philanthi’ (45). Females dig 
underground burrows to lay their eggs and apply secretions from these glands to their brood 
cells, which the larvae also incorporate into their cocoons. This symbiont produces streptochlorin 
and a complex of eight piericidin derivatives (46) that prevent fungal and microbial infections 
during the extended period of larval development, which can last up to nine months (47)(48). 
Eggs of the housefly, Musca domestica, are colonized by a mixture of 19 bacterial strains 
(Gammaproteobacteria, Betaproteobacteria, Bacilli, Flavobacteriia) which collectively inhibit 
fungal strains isolated from chicken manure where the eggs are laid (49). It is still uncertain, 
however, if this defense is a result of colonization resistance or production of secondary 
metabolites.  
One of the few described examples in a vertebrate, hoopoe birds, Upupa epops, apply 
preen gland oil containing symbiotic bacteria to their eggs for protection (50). The uropygial oil 
of nesting hoopoes is dark-brown and malodorous, owing to a mixture of volatile compounds 
produced by bacteria in the oil that are absent in oil from birds treated with antibiotics (51). 
There are ten identified compounds in this oil, including butanoic acid, 2-methyl butanoic acid, 
benzaldehyde, phenol, 4-methyl pentanoic acid, phenyl acetaldehyde, indole, 3-phenyl propanoic 
acid, and 4-chloro indole—many of which can inhibit several Gram negative and Gram positive 
bacteria in vitro (51). All isolated bacteria from the uropygial gland have been Enterococcus 
spp., predominantly E. faecalis. Antimicrobial activity amongst the strains seems to be correlated 
with the presence of bacteriocin genes, particularly enteroicins MR10 and AS-48 (52).  
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It has also been shown that hoopoe eggshells have specialized crypts which become filled with 
the enterococci bacteria from the preen oil. When access to the gland was impeded, overall 
bacterial load on the eggshells and hatching success decreased (53). The strong odor produced by 
the bacterial volatiles of the preen oil may also prevent predation.  
 
Marine egg/larva defense 
There are far fewer examples of symbiont-produced chemical defense amongst marine 
organisms. The earliest published example is in the shrimp, Palaemon macrodactylus, which 
brood eggs densely covered by the bacterium, Alteromonas sp. I-2. This bacterium produces 2,3-
indolinedione (isatin), which inhibits the known crustacean fungal pathogen, Lagenidium 
callinectes (54). Similarly, the eggs of the lobster, Homarus americanus, are covered by a 
salmon-colored, rod-shaped, Gram negative bacterium that produce 4-hydroxyphenethyl alcohol 
(tyrosol), which also inhibits L. callinectes (55). Larvae of the bryozoans, Bugula neritina and 
Bugula simplex, contain the bacteria ‘Candidatus Endobugula sertula’ (56) and ‘Candidatus 
Endobugula glebosa’ (57), respectively, in a circular invagination on their surface called the 
pallial sinus. These bacteria have been associated with production of bryostatins (58)(57), a 
family of 20 known bioactive compounds with anticancer activity (59). Extracts from larval B. 
neritina contain a mix of bryostatins which deter pinfish predation (60). In larvae of the 
Caribbean tunicate, Trididemnum solidum, there is correlative evidence of chemical defense by a 
symbiont. Blue-head wrasse consume significantly less T. solidum larvae when compared to a 
larval mimic (krill eyes), and extracts of didemnin B and nordidemnin B isolated from these 
larvae also deter predation (61). The source of these didemnin compounds is thought to be 
symbiotic cyanobacteria (62), which can produce compounds with similar structures, but no 
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study has directly linked tunicate-isolated cyanobacteria with didemnin production. Didemnin B, 
however, is produced by free-living Alphaproteobacteria, Tistrella mobilis and Tistrella 
bauzanensis (63), so there is evidence of a bacterial origin for this compound. Although there are 
other tunicates which have had the source of bioactive compounds associated with symbiotic 
bacteria (reviewed in (64)), there are no discussions of the roles of these compounds in larval 
defense.  
 
The Accessory Nidamental Gland (ANG) Symbiosis 
One symbiosis which has only recently been assigned a defensive function is between 
cephalopods and a bacterial consortium in the accessory nidamental gland (ANG, Appendix I). 
The ANG is part of the female reproductive system of some squid, bobtail squid, and cuttlefish 
(orders: Sepiida, Sepiolida, Myopsida) (65). The ANG is comprised of many intertwined, 
epithelium-lined tubules that are densely packed with bacteria. The openings of these tubules 
collect in close proximity to the openings of the nidamental glands, such that the contents from 
both glands combine to form the jelly coat (JC) that surrounds the embryo. The secretions from 
the nidamental gland compose the jelly-like matrix, while the ANG contributes bacteria 
embedded in the jelly (65). In one of the earliest descriptions of cephalopod ANGs, tubules with 
different pigmentation were described containing seemingly uniform cultures of different 
bacterial types, with bacilli in white and yellow tubules and cocci in red tubules in the European 
cuttlefish, Sepia officinalis, and bacilli in red tubules and cocci in white tubules in the bobtail 
squid, Sepiola intermedia (66). This observation was also reported in Doryteuthis pealeii 
(formerly Loligo pealeii) using electron microscopy (67). Bacteria of uniform shape (cocci or 
bacilli) were observed in different tubules, and were hypothesized to produce different pigments 
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that contribute to the coloration of individual tubules (67). Fluorescence in situ hybridization 
(FISH) was later used to confirm that different tubules are indeed colonized by different bacterial 
taxa in Doryteuthis pealeii (68) and Euprymna scolopes (69). Transmission electron micrographs 
(TEMs) in E. scolopes also showed that tubules containing different bacterial morphotypes have 
different epithelia (69). Tubules that contained small bacilli bacteria had vacuole-rich epithelia 
with electron-dense granules at the apical surface, while tubules with large coccoid bacteria had 
electron-dense epithelia lacking vacuoles. These differences suggest that the host may supply 
different nutrients in the different tubule microenvironments.  
 Early descriptions of bacteria in the eggs of cephalopods containing ANGs can also be 
accredited to the Italian zoologist, Umberto Pierantoni. Buchner describes that Pierantoni 
observed bacteria in the jelly layer of Sepia eggs which were similar to the bacteria found in the 
ANG (65). In recent studies, the first description of bacteria in cephalopod eggs, originating from 
the ANG, is in Doryteuthis opalescens (formerly Loligo opalescens) (70). TEMs of freshly laid 
D. opalescens eggs showed that the jelly layer is 1-2 mm thick and contains approximately 100 
straited layers that are likely high in protein content. Bacteria were found in between these 
striated layers with an estimated 106 - 108 bacteria per egg (70). A study of D. pealeii ANGs and 
eggs using 16S rRNA gene clone libraries and FISH found that similar Alphaproteobacteria and 
Gammaproteobacteria were found throughout the jelly layer of egg capsules as in the ANG 
tubules (68). The same methods were used to identify similar bacteria in the eggs and ANGs of 
Idiosepius biserialis, Doryteuthis vulgaris, and Sepioteuthis lessoniana (71). FISH was used with 
E. scolopes eggs to show that the bacterial taxa found in the ANG are mixed amongst the jelly 
layers and do not show the same partitioning as in the ANG (69). Sequencing of the 16S rRNA 
gene in E. scolopes eggs and ANGs showed a high similarity in the operational taxonomic units 
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(OTUs) between these communities, and clustering of a female’s ANG to her respective eggs 
(72). 
 The ANG/egg bacterial communities vary by cephalopod species but are all dominated 
by Alphaproteobacteria. Sequencing of 16S rRNA gene clone libraries have largely been used to 
identify these bacteria. The majority of clones from the cuttlefish, Sepia officinalis, had 
similarity to Agrobacterium, followed by Roseobacter, Rhodium-Xanthobacter, and the Gram-
positive Sporichthya and Clostridium (73). All clones from the ANG and eggs of D. pealeii were 
identified as Alphaproteobacteria (SAR 83, Roseobacter, Rhizobium) and Magnetobacterium, 
while the majority of cultured isolates were Gammaproteobacteria (Pseudoalteromonas, 
Shewanella, Vibrio, Colwellia) (68). A survey of European and Western Pacific squid sequenced 
128 clones from 10 squid (71). In this survey, Photololigo spp. ANGs were dominated by 
Alphaproteobacteria (72-80% of clones, mostly Agrobacterium-Silicibacter, Rhodobacter), 
Cytophagia-Flavobacteriia-Bacteroidetes (CFB, 0-11% of clones), and Gammaproteobacteria 
(5-26% of clones). Loligo spp. ANGs had Alphaproteobacteria (50-95% clones, mostly 
Rhodobacter), CFB (0-33% clones), Gammaproteobacteria (14-17% clones), and Clostridium 
(0-5% clones). Loliolus spp. ANGs have Alphaproteobacteria (49-88% clones, mostly 
Rhodobacter, Roseobacter), CFB (0-39% clones), and Gammaproteobacteria (12%). The ANGs 
of Sepioteuthis lessoniana had 100% Alphaproteobacteria (mostly Rhodobacter) and of 
Idiosepius pygmaeus had 92% Alphaproteobacteria (mostly Rhodobacter) and 8% Clostridium. 
In this same survey, S. lessoniana and L. vulgaris eggs had clones similar to Agrobacterium, 
Roseobacter, and Rhodobium species (71). The first metagenomic survey of an ANG was in 
Eupyrmna scolopes, which was composed of 72.6% Alphaproteobacteria, 16.7% 
Verrucomicrobia, 10.3% Bacteroidetes, and 0.37% Gammaproteobacteria (69). This is the first 
11 
 
report of Verrucomicrobia as a member of an ANG community. High-throughput sequencing of 
the 16S rRNA gene in E. scolopes confirmed that Alphaproteobacteria make up the greatest 
average abundance community member in both the ANG and eggs (66%/71.3% respectively), 
followed by the Verrucomicrobia (29.1%/11.5%), Gammaproteobacteria (3.8%/4.1%), and 
Flavobacteriia (0.9%/12.3%) (72). 
 Since the first observations of bacteria in ANGs and eggs, there have been several 
hypotheses for the function of these bacterial communities in cephalopods. Pierantoni first 
suggested that the bacteria might send out “rays” which have a positive influence on embryo 
development (65). It was also suggested that the bacteria may have some influence on a female’s 
reproductive state, since ANG coloration changes from white to mottled red-orange with sexual 
maturity due to bacterial pigmentation (67)(74)(75). Researchers considered if bacteria were 
deposited into the eggs for vertical transmission, but due to the low density of bacteria in the 
eggs, this was considered unlikely (75). It should be noted that ANG tissue does not begin to 
develop until at least 87 days after hatching in D. opalescens squid (76), so there does not appear 
to be a dedicated tissue present in juveniles that would be immediately colonized. As well, no 
ANG/egg bacteria have been detected in E. scolopes hatchlings (77). Biggs and Epel (70) were 
the first to propose that the jelly coat bacteria may serve a defensive function for the eggs 
through either competitive exclusion or production of defensive chemicals. This hypothesis 
stemmed from divers’ observations that D. opalescens eggs are rarely subject to predation or 
fouling by bacteria, fungi, or animals (70). D. opalescens eggs that were placed on hooks in 
Monterey, CA, were not preyed upon during the time that adult squid and fish on adjacent hooks 
were completely consumed (78). Eggs placed in aquaria were not consumed by starved sea stars, 
crabs, hermit crabs, isopods, moon snails, or large anemones (78). Video recordings of L. 
12 
 
vulgaris breeding off the south-eastern Cape of South Africa have shown pajama sharks 
removing a few egg strands from large egg masses, but eggs were not consumed (79). Despite 
many potential predators observed in this area, only the sparid fish, Spondylisoma emarginatum, 
were rarely observed feeding on egg strands (80). In contrast to squid and cuttlefish eggs, 
unattended octopus eggs are often consumed by predators and experience algal, fungal, or 
bacterial infections (71). Incirrate octopuses lack nidamental glands and accessory nidamental 
glands, and their eggs are composed of a yolk sac surrounded by a chorion, lacking any outer 
jelly layers (81). Due to this lack of egg encapsulation, female octopuses brood or carry their 
eggs to provide parental protection over the course of embryogenesis.   
 Nearly all studies that attempted to address the potential defensive function of ANG/egg 
bacteria utilized in vitro antimicrobial assays. Extracts from ANG tissue, egg JCs, or bacterial 
isolates were tested in zone of inhibition assays against Gram positive and Gram negative 
bacteria and one fungus, however there is no evidence that any of these microbes are potential 
cephalopod egg pathogens. Barbieri et al. (82) were the first to perform these tests, using 
ANG/JC/isolate butanol extracts from D. pealeii. It was found that ANG extracts could inhibit 
Streptomyces griseus, Vibrio anguillarum, and Aeromonas salmonicida, but egg extracts did not 
have antimicrobial activity. Of the isolate extracts, a Shewanella sp. inhibited V. anguillarum, A. 
salmonicida, S. aureus, and the fungus Laegenidium myophilum; an Altermonas sp. inhibited E. 
coli, S. griseus, V. anguillarum, A. salmonicida, and L. myophilum; and a Roseobacter sp. did not 
inhibit any of the target strains. Organic extracts from the cuttlefish Sepia pharaonis, Sepia 
aculteata, and the squid Loligo duvaucelii inhibited E. coli, Aeromonas hydrophila, S. aureus, 
and B. megaterium, while extracts from Sepiella intermis only inhibited E. coli and B. 
megaterium (83). Aqueous extracts from this same study did not have antibacterial activity, and 
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they noted that peak activity in organic extracts corresponded with the peak breeding period for 
each species. From this observation, it was later found that the difference in antibacterial activity 
of extracts from immature versus mature ANGs is due to a higher free fatty acid content in 
mature glands, particularly due to unsaturated fatty acids (84). E. scolopes ANG and egg isolates 
and their organic extracts have been shown to inhibit vibrio species and the fungal pathogen, 
Fusarium keratoplasticum (85) (see Chapter 1 and Appendix I). While these studies do not 
clearly divide antimicrobial activity associated with the host or symbiotic bacteria, there is one 
report that the jelly itself of D. pealeii eggs contains a cilia inhibitory factor which can cause 
asynchronous beat and potentially immobilize larva or protists (86). 
 A defensive function of the ANG symbiosis was determined in vivo in E. scolopes using 
antibiotic treatment of eggs (Appendix I). Freshly laid egg clutches were separated into an 
untreated, control group and an experimental group which received an antibiotic cocktail in the 
water every 2-3 days. These antibiotics reduced the bacterial load in the jelly coats by 98% 
throughout the course of embryogenesis, and thus potentially inhibited the production of 
bioactive secondary metabolites. Between days 8-14 of the experiment, antibiotic-treated eggs 
developed a thick biomass that resulted in embryo death. This biomass was primarily composed 
of the fungal pathogen, Fusarium keratoplasticum. To determine if there were host-derived 
compounds contributing to defense, eggs were also separated into their different components 
(intact eggs versus eggs with the jelly coat/outer capsule removed) and development was 
monitored with or without the presence of F. keratoplasticum conidia. Intact eggs developed 
normally in the presence of the fungal pathogen, but eggs with their jelly coat (and bacterial 
community) removed developed a fungal biomass and the embryos died. These experiments 
demonstrated that an active bacterial community in the jelly coat layer is necessary for normal E. 
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scolopes embryo development in the presence of a potential pathogen. Future studies will need to 
confirm if these findings are true in other cephalopods that possess an ANG, but due to the 
similarities in ANG/egg structures and bacterial communities, their function likely holds true.  
 
The Euprymna scolopes model 
The Hawaiian bobtail squid, Euprymna scolopes, is an emerging model for studying 
ANG symbioses, but it has been well-studied for over 30 years to examine beneficial-host 
microbe interactions in the light organ symbiosis (87)(88). The light organ of a juvenile bobtail 
squid is colonized by the bioluminescent bacterium, Vibrio fischeri, within hours of hatching 
(89). The light produced by V. fischeri is used by these nocturnal squid as a form of camouflage 
known as counterillumination. While the squid hunt at night, the light emitted by their light 
organ matches the down-welling moonlight, masking their silhouette from predators swimming 
below (90). V. fischeri makes up less than 0.1% of bacteria in the surrounding seawater (91), and 
it is the only species that can colonize the light organ (92). For this reason, E. scolopes has been 
used as a model to study the intricate process of colonization between one tissue type and one 
bacterium. Many questions have been investigated from both the host and symbiont perspective, 
such as how the host immune system can detect a symbiont from a background of non-symbiotic 
bacteria (93)(94), what bacterial genes are necessary for colonization (95), and how bacterial 
signals can influence the host’s morphology (96)(97).  
The small size of adult squid, rapid growth, and ease of maintenance in the lab make E. 
scolopes a good model for a number of research avenues. E. scolopes are endemic to the 
Hawaiian archipelago and adults are readily caught in shallow sand banks from two breeding 
populations found in Kaneohe Bay and Maunalua Bay on the island of Oahu (98). Wild adults 
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can be easily maintained in lab aquaria, where they will mate and females can lay several egg 
clutches over their lifetime, totaling hundreds of eggs (98)(99)(100). Although labor-intensive, 
juveniles can be reared to adulthood in the lab in 2-3 months, and their average life span has 
been reported to be 7-10 months (98)(99). Due to the horizontal acquisition of the light organ 
and ANG symbioses, juveniles can be raised with or without their symbionts by rearing in 
sterilized seawater (101). The recent availability of the E. scolopes genome and transcriptome 
(102) will likely lead to the development of new tools to make the host genetically tractable. 
Besides symbiosis research, E. scolopes has also been used as a model for the study of 
cephalopod development and the study of tissues that interact with light (100). The breadth of 
research that exists on the binary light organ symbiosis provides a foundation from which study 
of the ANG consortia can continue to draw parallels or reveal differences in how a host 
maintains and is affected by its microbiome.   
 
Research Objectives 
Defining the mechanisms responsible for a bacterial consortium’s function in a host is a 
challenging process. The recent descriptions of the E. scolopes ANG community members and 
assignment of a defensive function have opened up many more questions regarding how the host 
acquires its consortium, its impacts on ANG development, and the bacterial metabolism 
necessary for egg defense. Challenges to answering these questions include the lack of cultured 
isolates from all community members, limited understanding of their metabolic potential, and 
little data for in situ bacterial metabolism. The core E. scolopes ANG community is composed of 
52 operational taxonomic units (OTUs) present in 90% of samples, with 40 OTUs from the 
Alphaproteobacteria and 8 OTUs from the Opitutae (72). Prior to this thesis, all cultured 
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community members have been Alphaproteobacteria, the majority of which were Leisingera 
spp. within the Rhodobacteraceae family (103). Genomic analyses and/or biochemical assays 
revealed the potential for these isolates to produce a type VI secretion system, acyl homoserine 
lactones, siderophores, and gene clusters for the production of other secondary metabolites (103). 
Leisingera OTUs make up just 7 of the core OTUs, so even within the Alphaproteobacteria there 
is a greater diversity of species to be studied. Many of the other genera represented in the core 
OTUs have not been cultured. In particular, no isolates have been cultured from the second most 
dominant taxa, the Verrucomicrobia, which are members of a diverse group of bacteria found in 
many different ecosystems with very few cultured representatives (104).  
The coupling of metagenomic and metatranscritpomic sequencing can reveal in vivo 
bacterial activity for systems where many culture-based experiments are still not feasible. 
Metatranscriptomics demonstrated the contributions of hindgut bacteria in wood digestion in 
higher termites (105) and bacterial roles in nitrogen fixation, amino acid biosynthesis, and wood 
digestion in lower termites (106). Metatranscriptomes of sponge symbionts demonstrated 
heterotrophic metabolisms, carbon fixation, coupled denitrification, and an interchange of amino 
acids between bacteria and host (107)(108). In the honey bee gut, metatranscriptomes showed 
how three major classes of bacteria (Gammaproteobacteria, Bacilli, Actinobacteria) are active in 
polysaccharide and polypeptide breakdown and generation of fermentation products for the host 
(109). In a defensive symbiosis, Spiroplasma transcripts had up-regulation of two putative toxin 
genes in flies exposed to a parasitic nematode (110). These “omic” methods were thus chosen to 
gain further insight into the bacterial metabolism in the ANG and egg jelly coats and how the 
bacteria interact with their host.  
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In chapter 2 and appendix 1 of my dissertation, the in vitro antibacterial and antifungal 
activity of ANG/JC isolates was examined. This activity was screened in a number of newly 
cultured isolates, including members of previously uncultured E. scolopes ANG taxa 
(Flavobacteriia and Gammaproteobacteria). Antimicrobial metabolite production was linked to 
two isolates in these studies, Leisingera sp. JC1 and Pseudoalteromonas sp. JC28. Chapter 3 
discusses the metagenomic sequencing of the ANG bacterial community, providing metagenome 
assembled genomes (MAGs) from several taxa that have not yet been cultured, including 
Verrucomicrobia, Alterythrobacter, and Mesorhizobium. The community’s potential for 
secondary metabolite production was also assessed, revealing biosynthetic gene clusters for 
bacteriocins, terpenes, polyketide synthases, and nonribosomal peptide synthetases, amongst 
others. Chapter 4 begins to examine the in vivo gene expression of the ANG bacterial 
community, focusing on both primary and secondary metabolism. Gene expression was 
compared between the ANG and egg jelly coat to determine an effect of transfer to the egg 
environment and decreasing population densities. Metatranscriptomes were also compared 
between control eggs and eggs challenged with a fungal pathogen to look for shifts in secondary 
metabolite production. Overall, antimicrobial activity was demonstrated in several members of 
the ANG/JC community. The metabolic potential of a Verrucomicrobia MAG was described, 
with particular attention to carbon utilization which may provide insights for culturing. 
Expression of secondary metabolite genes in the ANG and eggs demonstrated the potential for 
defensive bioactive compounds to be produced and provides a baseline of data to further explore 





Chapter 2 – Part 1 
 
 
Accessory nidamental gland and egg jelly coat isolates inhibit marine bacteria in vitro:  
Leisingera sp. JC1, a bacterial isolate from Hawaiian bobtail squid eggs, produces 









Significant contributions to this chapter were made by other researchers. Samantha Gromek, 
Jillian Garcia, and Marcy Balunas (Division of Medicinal Chemistry, Department of 
Pharmaceutical Sciences, University of Connecticut) created organic extracts of Leisingera sp. 
JC1, identified its pigment as indigoidine, performed extract assays, and wrote portions of the 
chapter. Matthew Fullmer and Johann Peter Gogarten performed taxonomic analysis, whole 
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Supplemental Figure 1. Indigoidine biosynthesis genes igiCDR detected in Leisingera sp. 
JC1 DNA. The RNA polymerase β subunit, rpoB, was used as a positive control for bacterial 










Supplemental Figure 2. ZOI assay images for all dilutions. Photobacterium leiognathi at (A) 
104 CFU/ml, (B) 105 CFU/ml, (C) 106 CFU/ml, and (D) 107 CFU/ml. Vibrio anguillarum at (E) 
104 CFU/ml, (F) 105 CFU/ml, (G) 106 CFU/ml, and (H) 107 CFU/ml. Vibrio fischeri at (I) 104 
CFU/ml, (J) 105 CFU/ml, (K) 106 CFU/ml, and (L) 107 CFU/ml. Vibrio harveyi at (M) 105 
CFU/ml and (N) 106 CFU/ml. Vibrio parahaemolyticus at (O) 105 CFU/ml and (P) 106 CFU/ml. 
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Supplemental Figure 3. Leisingera sp. JC1 inhibits ANG isolates Ruegeria sp. ANG-S4 and 
Muricauda sp. ANG21. (A) JC1 had an average zone of inhibition (ZOI) of 6.3 mm (±0.7) 
against Ruegeria sp. S4, and an average ZOI of 5.9 mm (±0.6) against Muricauda sp. ANG21. 
Representative images, taken 4 days after plating, of (B) Ruegeria sp. ANG-S4 and (C) 







Supplemental Figure 4. Genomic comparison of Leisingera sp. JC1 with select Leisingera 
species. BLAST comparison of draft genomes of Leisingera sp. JC1 with Leisingera sp. ANG-
M7 (purple inner ring), Leisingera sp. ANG1 (red middle ring), and Leisingera sp. Y4I (blue 






Supplemental Figure 5. Genomic comparison of the Leisingera sp. JC1 indigoidine operon. 
Comparison of JC1 indigoidine operon to the operon in Leisingera sp. Y4I (top), and to the 
genomic region in Leisingera sp. M7 (middle) and Leisingera sp. ANG1 (bottom). The JC1 
operon hits to the Y4I operon (as also shown in Table 2). There are no hits when compared to 





Supplemental Figure 6. Mass spectral confirmation that the normal extraction method 
contains minimal quantities of indigoidine. LC-MS data was collected on an Agilent system as 
described in Materials and Methods using an isocratic method of 10% acetonitrile with 0.1% 
formic acid over 25 minutes at a flow rate of 1 mL/min. Indigoidine eluted at retention time (tR) 
8.2 min as determined by LC-MS. (A) Normal extraction method (blue) was overlaid with 
indigoidine (igi) enhanced extraction method (red) focusing on UV absorbance 299 nm. The 
peak eluting at tR 8.2 min (igi enhanced extraction method) was confirmed to be indigoidine, 
which was not found in the normal extract. (B) Negative ionization mass spectrum of peak at tR 
4.8 min for normal extraction method, indicating that this peak is not displaced indigoidine since 
no [M – H]- of 247 was present. (C) Negative ionization mass spectrum of peak at tR 8.2 min for 
normal extraction method. Although there was an ion corresponding to [M – H]- of 247.2, this 
was not the most dominant ion and the more quantitative UV analysis in A shows no peak, 
indicative of little or no indigoidine in the normal extract. 
 
  










 DAD1 C, Sig=299,2 Ref=off (Leisingera sp. JC-1 normal extraction method)
 DAD1 C, Sig=299,2 Ref=off (Leisingera sp. JC-1 igi enhanced method)
















































































































Supplemental Table 1. Primers designed for the detection of indigoidine biosynthesis genes 
in the Leisingera sp. JC1 genome. 
Gene Primer Sequence 
igiC Forward 5’ - CGGCAGCAGCGGCAAAATCC - 3’ 
igiC Reverse 5’ – CGGACGGACGCCGTCAAACA – 3’ 
igiD Forward 5’ – GGACGGGTCGCGGAATAGCG – 3’ 
igiD Reverse 5’ – CAGCTGGAGCAGGCAGGCAG – 3’ 
igiR Forward 5’ – ACCCGCTTTCCAACCGCTCG – 3’ 
igiR Reverse 5’ – CCTCCGCGCACTGTTGCTGT – 3’ 
 
 
Supplemental Table 2. Whole genome comparisons. Average nucleotide identities (ANI) are presented in the upper triangle and in silico 
DNA-DNA hybridization (isDDH) estimates are presented in the lower triangle. ANI and isDDH values above the usual cutoffs for species 





Supplemental Table 3. Bacterial strains used in this study. 
Strain Characteristics Source 
Leisingera sp. JC1 





Reporter strain for detection of 
HSLs 
Singh & Greenstein (2006) 
(Courtesy of Dr. Stephen 
Farrand, University of Illinois) 
Leisingera sp. ANG1 Isolate from E. scolopes ANG Collins & Nyholm (2011) 
Ruegeria sp. ANG-S4 Isolate from E. scolopes ANG Collins et al. (2015) 
Ruegeria sp. ANG-R Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-Vp Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-M1 Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-DT Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-S Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-S3 Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-M6 Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-S5 Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-M7 Isolate from E. scolopes ANG Collins et al. (2015) 
Tateyamaria sp. ANG-S1 Isolate from E. scolopes ANG Collins et al. (2015) 
Muricauda sp. ANG21 Isolate from E. scolopes ANG This study 
Vibrio fischeri ES114 
Isolate from E. scolopes light 
organ 
Boettcher & Ruby (1990) 
Vibrio harveyi B392 Seawater isolate Reichelt & Baumann (1973) 
Vibrio anguillarum 775  
Courtesy of Dr. Joerg Graf, 
University of Connecticut  
Vibrio parahaemolyticus 
KNH1 
Seawater isolate Nyholm et al. (2000) 
Photobacterium leiognathi 
KNH6 




Supplemental Table 4. Detailed antiSMASH results for Leisingera sp. JC1. 





332,333 – 352,974 
43% sim to Leisingera sp. ANG1 
39% sim to Leisingera sp. ANG-VP 
41% sim to Leisingera sp. ANG-M7 
2 Bacteriocin 
(Scaffold 14.1) 
57,539 – 68,393 
29% sim to Leisingera sp. ANG-M7 
29% sim to Leisingera sp. ANG-DT 
29% sim to Leisingera sp. ANG-M6 
3 Other KS 
(Scaffold 17.1) 
19,628 – 60,623 
12% sim to Citreicella sp. SE45 
12% sim to Shinella sp. DD12 SHLA 2c 
12% sim to Brachybacterium 
paraconglomeratum 
4 T1 PKS 
(Scaffold 24.1) 
1 -  24,550 
45% sim to Leisingera sp. ANG-M7 
45% sim to Leisingera sp. ANG-S3 
45% sim to Leisingera sp. ANG1 
5 Other 
(Scaffold 34.1) 
13,994 – 41,877 
17% sim to Leisingera sp. Y4I 
14% sim to Vogesella indigofera 
11% sim to Gordonia soli NBRC 108243 
6 Siderophore 
(Scaffold 63.1) 
2,810 – 14,229 
18% sim to Mesorhizobium sp. 
L48C026A00 
18% sim to Rhizobium trpici CIAT 899 
plasmid pRtrCIAT899c 
16% sim to Acidovorax radices N35 
7 Other 
(Scaffold 79.1) 
1 – 9,934 
16% sim to Leisingera sp. ANG-M7 
16% sim to Leisingera sp. ANG-M6 
16% sim to Leisingera sp. ANG1 
8 Siderophore 
(Scaffold 99.1) 
1 – 3,224 
7% sim to Leisingera sp. ANG1 
7% sim to Leisingera sp. ANG-S 
7% sim to Leisingera sp. ANG-S3 
9 Siderophore 
(Scaffold 114.1) 










Chapter 2 – Part 2 
 
 
Accessory nidamental gland and egg jelly coat isolates inhibit marine bacteria in vitro:  
Antibacterial activity, chemical, and genomic analysis of a Hawaiian bobtail squid egg 
















Significant contributions to this chapter were made by other researchers. Karen Tan and Marcy 
Balunas (Division of Medicinal Chemistry, Department of Pharmaceutical Sciences, University 
of Connecticut) generated organic extracts of Pseudoalteromonas sp. JC28, performed extract 
testing, characterized the structures of the bromoalterochromides, and wrote portions of the 
chapter. Allison Kerwin (Department of Molecular and Cell Biology, University of Connecticut) 
assisted with zone of inhibition assays and statistics in figure 1. Lydia Abini-Agbomson, Jessica 
Bertenshaw, and Jaydeen Sewell (University of Connecticut) assisted with initial zone of 






The symbiotic community in the accessory nidamental gland (ANG) of the female Hawaiian 
bobtail squid, Euprymna scolopes, has been postulated to protect the host eggs against pathogens 
and fouling agents. One member of this community, Pseudoalteromonas sp. JC28, was isolated 
from the egg jelly coat (JC), and was found to produce known bromoalterochromides (BAC's), 
BAC-A/A' (1a/1b), and new derivatives, BAC-D/D' (2a/2b). Extensive NMR analyses allowed 
complete structural elucidation of 2a/2b, and the absolute stereochemistry was unambiguously 
confirmed by an optimized Marfey's method to corroborate with the BAC gene cluster, which we 
identified from the JC28 draft genome. In this study, the potential ecological role of BAC's was 
investigated by performing in vitro antibacterial, nitric oxide (NO) inhibition, antifungal, and 
cytotoxicity assays. Compounds 1a/1b were active against marine bacteria, Bacillus algicola and 
Vibrio fischeri, with MIC's of 7.4 M and 59.3 M, respectively. They also inhibited NO 
production (IC50 16.9 M) during lipopolysaccharide (LPS)-induced inflammation in RAW264.7 
macrophage cells. These results indicate that BACs may provide the producer organism an 
ecological niche by facilitating host colonization and eliminating competition. Furthermore, the 
compounds inhibited hyphal growth of the pathogenic fungus, Fusarium keratoplasticum, and 
were cytotoxic against MCF-7 breast cancer cells, suggesting that these polyketide-nonribosomal 
peptides are promising drug leads, and may also be used for squid egg defense against pathogens 
and predators. These findings provide a molecular insight into the exquisite mutualistic 
relationship between the squid host and one of its JC symbionts through bacterial secondary 






The role symbiotic bacteria play in the reproductive success of their hosts is a field of 
growing interest. Organisms which deposit eggs without parental care leave their eggs vulnerable 
to threats of predation, infection, and fouling. To compensate, some insects utilize the 
compounds produced by bacteria to defend against microbial threats, such as beewolf wasps 
(47)(46) and houseflies (49). In marine environments, shrimp and lobsters supplement parental 
care with antifungal compounds produced by bacteria that coat their eggs (54)(55). In the 
Hawaiian bobtail squid, Euprymna scolopes, symbiotic bacteria are deposited into the jelly coat 
surrounding developing embryos to serve as a defense from microbial pathogens during the 
month long external embryogenesis of E. scolopes eggs (Appendix I).  
Female bobtail squid house a diverse bacterial consortium in a reproductive gland known 
as the accessory nidamental gland (ANG) (69). This gland is attached to the nidamental gland, 
which produce a jelly that surrounds the yolk sac of fertilized eggs. The ANG deposits bacteria 
into this jelly coat (JC), which are hypothesized to produce bioactive chemicals that can defend 
the eggs from bacterial and fungal infections or competitively exclude pathogens from settling 
on the egg surface. In E. scolopes, the ANG and JC communities are composed of 
Alphaproteobacteria (66% ANG/71% JC), Verrucomicrobia (29%/8%), Gammaproteobacteria 
(4%/4%), Flavobacteriia (0.9%/12%) (72). Genomic analyses of some of these 
Alphaproteobacteria isolate genomes have revealed the potential to make several secondary 
metabolites, such as threw polyketide synthase (PKS) or nonribosomal peptide synthetases 
(NRPS) pathways (103)(85). Previous research has shown that one JC isolate, Leisingera sp. 
JC1, can produce the antimicrobial pigment, indigoidine, and inhibit pathogenic vibrios in vitro 
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(85). Aside from indigoidine, however, there have been no other described bioactive compounds 
isolated from ANG/JC bacteria.  
To further characterize the inhibitory activity of the ANG/JC bacterial isolates in culture, 
an in vitro screen was performed on 19 strains. As a result, one isolate, Pseduoalteromonas sp. 
JC28, was found to have strong inhibitory activity against several Gram positive and Gram 
negative marine bacteria. This isolate and its organic extract were previously shown to inhibit the 
fungal pathogen, Fusarium keratoplasticum (Appendix I). Due to this broad antimicrobial 
activity, Pseudoalteromonas sp. JC28 was chosen for genomic and chemical analyses.  
Purification of the JC28 bacterial culture led to the isolation of the major compounds, the 
bromoalterochromides (BACs). These brominated derivatives of alterochromides were first 
identified by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) from 
the yellow-pigmented, sponge tissue-derived Pseudoalteromonas maricaloris KMM636 (111), 
but an attempt to the full spectroscopic characterization of their structures was not published 
until two years later (112), probably owing to low yields and compound instability. Relying on 
mass spectrometric methods, they have also been identified from several Pseudoalteromonas 
strains (113)(114)(115), indicating widespread metabolite expression within this bacterial genus. 
However, the complete structural elucidation of their analogues have been neglected, and 
inconsistencies in terms of their chemically-determined and bioinformatically-predicted absolute 
stereochemistry have been observed (112)(116)(117). Therefore, one of the aims of this study is 
to completely characterize the structures of the isolated BACs, and to make necessary corrections 
to their reported absolute stereochemistry by applying high-resolution nuclear magnetic 
resonance (NMR) spectroscopic and C3 Marfey techniques (118). Bioactivity-profiling of 
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Pseudoalteromonas sp. JC28’s BACs may also provide insights into how bacterial secondary 
metabolites contribute to the E. scolopes ANG/JC symbiosis.  
 
Materials and Methods 
Bacterial strains, identification, and culture conditions 
Seven of the strains used in this study previously isolated from the ANGs of female E. 
scolopes (103)(85) (Table S1). Eight more strains were isolated from ANGs of 3 females for this 
study as previously described (103) (Table S1). Four strains were isolated from egg jelly coats as 
previously described (85) (Table S1). Strains isolated in this study were identified to the genus 
level by Sanger sequencing of the 16S rRNA gene. A colony PCR was performed using GoTaq 
Master Mix Green (Promega, Madison, WI) with 27F and 1492R universal primers (119). The 
PCR cycle was 95˚C for 3 min, 30 cycles (95˚C 30 sec, 55˚C 30 sec, 72˚C 1 min 30 sec), final 
elongation of 72˚C for 10 min. The PCR product was purified using ExoSap It (Affymetrix, 
Santa Clara, CA) and prepared for sequencing using Big Dye Terminator v.1.1 (Applied 
Biosystems, Foster City, CA). Sanger sequencing was performed by the Biotech Center at the 
University of Connecticut. All strains were grown on seawater tryptone (SWT) media (5 g/L 
tryptone, 3 g/L yeast extract, 3 mL/L glycerol, 700 mL/L artificial seawater [Instant Ocean sea 
salts], 15 g/L agar, 300 mL/L DI water).  
 
Zone of Inhibition (ZOI) assay 
The ability of ANG/JC isolates to inhibit Gram positive (Bacillus megaterium CNJ 778 
and Exiguobacterium aesteurii CNJ 771) and Gram negative (Vibrio fischeri ES114, Vibrio 
anguillarum 775, Vibrio parahaemolyticus KNH1, Vibrio harveyi B392, and Photobacterium 
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leiognathi KNH6) marine bacteria was tested in vitro on SWT agar plates. In an initial screen, a 
stationary phase culture of each marine target strain was grown up in SWT broth and a lawn was 
spread on the surface of an agar SWT plate at a concentration of ~108 CFU/ml. These lawns 
dried for 15 minutes and then a stationary phase culture of the ANG/JC isolate (~108 CFU/ml) 
was spotted (10 µl) onto the center of the plate. Plates were incubated at 28˚C for 24 hours. If a 
zone of clearance was observed around the ANG/JC isolate, this was marked as positive for 
inhibition. If no clearance zone was observed, the strain was marked as negative for inhibition. 
Each isolate was tested against each marine target strain in triplicate. Zone of inhibition is 
defined as a discrete area (of at least 15 mm2, after colony area is subtracted) around a colony 
where there was no observable growth of the lawn strain.   
After the initial ZOI screen, the JC isolate, Pseudoalteromonas sp. JC28, was chosen for 
further testing based on its ability to inhibit all marine target strains. To see if there was a 
density-dependent effect of this inhibitory activity, JC28 was tested against the same marine 
strains at three lower lawn densities, 104, 105, and 106 CFU/ml. All strains were grown as 
described above. JC28 was grown to stationary phase (108 CFU/ml) and spotted (10 µl) on the 
center of each lawn. Plates were incubated for 24 hours at 28˚C and imaged. Inhibition was 
quantified by measuring the area (cm2) of each zone of inhibition and subtracting out the area of 
the JC28 colony using the image analysis program, FIJI (120). Each test was performed in 
experimental and technical triplicates and the ZOI area of each technical replicate was averaged. 
For each target lawn strain, statistical significance between ZOI at each lawn density was 
determined using one-way ANOVAs. If the results of this analysis indicated significant 
differences, a multiple comparisons post hoc Tukey test was performed to determine which lawn 





Pseudoalteromonas sp. JC28 was grown in 3.0 ml of SWT broth, 200 rpm, at 30˚C for 7 
hours. Genomic DNA was extracted from 5 x 108 CFU/ml of culture using the MasterPure DNA 
Purification kit (Epicentre, Madison, WI) following the manufacturer’s protocol. DNA quantity 
was measured with a high sensitivity DNA Qubit fluorimeter (Invitrogen, Carlsbad, CA) and 
quality was checked by absorbance measured on a Nanodrop spectrophotometer (Thermo 
Scientific, Waltham, MA) and 1% agarose gel. DNA was prepped for sequencing using the 
Nextera XT DNA library prep kit (Illumina, San Diego, CA). Library yield was checked with 
Qubit and size and quality measured on a high sensitivity DNA bioanalyzer chip (Agilent 
Technologies, Santa Clara, CA). Sequencing was performed on an Illumina MiSeq, reagent kit 
v.2 with 500 cycles at the Microbial Analysis, Resources, and Services (MARS) facility at the 
University of Connecticut.  
Sequencing yielded 3,976,074 raw, paired end reads (785.79 MB), which were uploaded 
to the U.S. Department of Energy Kbase server version 1.5.2 (https://kbase.us/) for analysis. Raw 
reads were trimmed and adaptors removed using Trimmomatic (121). Reads were assembled 
using the A5 assembler (122). This assembly was uploaded to the Rapid Annotation using 
Subsystem Technology (RAST) server (123) for annotations and to the antiSMASH server v.4.0 
(124) for secondary metabolite biosynthetic cluster prediction. The draft genome assembly has 
been deposited in DDBJ/EMBL/GenBank under accession QOKX00000000 and is described in 





Multi-locus sequence analysis (MLSA) 
To determine the phylogenetic placement of Pseudoalteromonas sp. JC28 within the 
pseudoalteromonads, a MLSA tree was assembled using 34 published Pseudoalteromonas 
genomes. Six single-copy housekeeping genes were selected for multi-locus sequence analysis 
based on a previous study (125), including ATP synthase subunit beta, atpD, DNA gyrase 
subunit B, gyrB, rod shape-determining protein, mreB, RNA recombinase alpha subunit, recA, 
RNA polymerase sigma factor, rpoD, and  DNA topoisomerase 1, topA. Genomes were 
downloaded from Genbank using a python script (https://github.com/kblin/ncbi-genome-
download). Amino acid sequences for each gene were obtained by a tblastn search using the 
amino acid sequence from E. coli strain K12 obtained from Uniprot. Extracted sequences were 
aligned using MUSCLE (126) with default parameters. The multiple alignments were 
concatenated in Geneious v.10 (Biomatters Inc., Newark, NJ). The best evolutionary model of 
substitution was chosen by ModelFinder (127) in the IQtree webserver (128) as GTR + F + Invar 
+ Gamma 4. A maximum likelihood tree was constructed using IQtree v.1.6.5 (129) with 1000 
bootstraps (130). The tree was visualized using the Interactive Tree of Life (iTOL) v.4 webserver 
(https://itol.embl.de/) (131).  
Presence of pigmentation in a strain was noted from the following articles and added to 
the tree: (citations in order of top strain to bottom strain in the tree) (132), (133), (134), (135), 
(136), (137), (138), (137), this study, (139), (140), (141), (141), (137), (142), (143), (144), (145), 
(146), (147), (148), (149), (150), (151), (137), (137), (152), (153), (137), (154), (137), (155), 
(156), (142), (157), (157). 
Presence of the bromoalterochromide biosynthetic genes in a strain was determined by a 
tBLASTn search. The amino acid sequence for each bromoalterochromide (BGC0000314) 
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biosynthetic gene was obtained from the Minimum Information about a Biosynthetic Gene 
cluster (MIBiG) server (158). This cluster was identified from Pseudoalteromonas piscicida 
JCM 20779 (D. D. Nguyen et al., 2013) and contains 14 genes (PpisJ2_010100002366 – 
PpisJ2_010100002431). A strain was marked as possessing the bromoalterochromide cluster if 
all 14 genes were present in the same order and had a high amino acid similarity (≥87%).  
  
Extraction of Pseudoalteromonas sp. JC28 and isolation of bromoalterochromides 
A culture of JC28 was prepared by inoculating the bacteria into 30 mL of marine broth 
(Difco Laboratories, Sparks, MD, USA) and incubating at 28˚C overnight at 200 rpm. A 7.5 mL 
aliquot of the culture was added into four 1.0 L baffled flasks, each containing 500 mL of marine 
broth, before incubation at 28˚C for 72 h at 200 rpm, protected from light. Solvents for extraction 
and semi-preparative HPLC purification were ACS grade and HPLC grade, respectively, from 
Sigma Aldrich (St. Louis, MO, USA). The extraction procedure was performed away from direct 
light exposure. 
The cultures in the four flasks were combined and centrifuged at 6,300 rpm at 4˚C for 10 
min, and the supernatant was separated from the pellet by decantation. The aqueous supernatant 
was extracted with n-hexane (3 x 500 mL), followed by EtOAc (12 x 300 mL). Meanwhile, the 
pellet was soaked in 100 mL of acetone overnight. The acetone extract was vacuum filtered and 
evaporated to dryness under reduced pressure before partitioning between n-hexane (200 mL) 
and 90% aqueous MeOH (3 x 200 mL). Bromoalterochromides were detected by LC-MS 
analysis in the EtOAc extract from the supernatant, as well as the 90% aqueous MeOH extract 
from the pellet. LC-MS conditions: 150 x 4.6 mm Agilent Eclipse-XDB C18, 5 m, 0.7 mL/min, 
mobile phase A = 0.1% HCOOH in water, mobile phase B = 0.1% HCOOH in CH3CN, column 
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temperature = 24C, and either a long gradient run (25% B to 100% B over 75 min) or a short 
gradient run (40% B to 100% B over 30 min). These two extracts were further purified by 
isocratic elution with 40% aqueous CH3CN at 2.0 mL/min using a semi-preparative HPLC 
column (250 x 9.6 mm Agilent Eclipse XDB-C18 column, 5 m), and monitoring at 395 nm. 
The EtOAc extracted yielded 0.8 mg of 1a/1b and 0.4 mg of 2a/2b, while the 90% aqueous 
MeOH extracted yielded 3.3 mg of 1a/1b and 0.7 mg of 2a/2b. Isolated compounds were stored 
in amber-colored vials under an inert atmosphere at -20C. 
 
Characterization and confirmation of bromoalterochromide (BAC) structures 
The planar structures of the bromoalterochromides (BACs) were determined by extensive 
NMR analyses (1H, 1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC, and NOESY) using a Varian 
INOVA 600 MHz instrument (Agilent Technologies, Santa Clara, CA, USA), equipped with a 
cryoprobe to enhance sensitivity. The NMR spectra were referenced to the solvent peaks of 
DMSO-d6 (H = 2.50 ppm, C = 39.52 ppm). High-resolution mass data were obtained using a 
Waters XeVo G2-XS QToF mass spectrometer (Waters Corporation, Milford, MA, USA), 
equipped with a UPLC column (50 x 2.1 mm HSS T3 C18, 1.8 m), and eluted using a gradient 
of mixtures of mobile phase A (0.1% aqueous HCOOH) and B (0.1% HCOOH in CH3CN). 
Program setting: 5% B over 0.5 min, followed by linear gradient from 5% B to 60% B for 3.5 
min, 60% B to 98% B for 4 min, and hold at 98% B for 1 min. The samples were dissolved in 






Determination of BACs absolute configuration 
All standards and reagents were obtained from Sigma Aldrich, except for DL-allo-Thr 
from Wako (Wako Chemicals USA, Inc., Richmond, VA, USA), and D-allo-Thr and 1-fluoro-
2,4-dinitrophenyl-5-L- leucinamide (L-FDLA) from TCI (Tokyo Chemical Industry America, 
Portland, OR, USA). The LC-MS data were collected on an Agilent ESI single quadrupole mass 
spectrometer coupled to an Agilent 1260 HPLC system with a G1311 quaternary pump, G1322 
degasser, and a G1315 diode array detector. 
The BACs (200 g) were heated at 105C with 200 L of 6-N HCl in a sealed flask for 
3-4 h or until the reaction mixture turned colorless. The mixture was evaporated to dryness under 
nitrogen, and the resulting residue was dissolved in 50 L of water and 20 L of 1M NaHCO3. 
Then, 40 L of 1% L-FDLA or 1% 1-fluoro-2,4-dinitrophenyl-5-L-alaninamide (L-FDAA) in 
acetone was added prior to incubation at 35C for 1 h. The reaction was quenched by addition of 
20 L of 1N HCl, then diluted with 370 L of MeOH, from which 25 L was injected for LC-
MS analysis. The alkalinified solutions of the L- and D-forms of standard amino acids (100 g), 
Val, Leu, Ile, Thr, Asn, and Asp, were derivatized in the same manner as the natural products. 
After quenching with 20 L of 1N HCl, they were diluted with 810 L of MeOH, from which 25 
L was injected for LC-MS analysis. LC-MS condition A (for FDLA-derived samples): 150 x 
4.6 mm Agilent Zorbax-SB C3, 5 m, 0.7 mL/min, mobile phase A = 5% CH3CN with 1% 
HCOOH in water, mobile phase B = 5% CH3CN with 1% HCOOH in MeOH, 30% B to 100% B 
over 55 min, column temperature = 40C. LC-MS condition B (for FDAA-derived samples): 150 
x 4.6 mm Agilent Zorbax-SB C3, 5 m, 0.7 mL/min, mobile phase A = 7.5% CH3CN with 1% 
HCOOH in water, mobile phase B = 7.5% CH3CN with 1% HCOOH in MeOH, 12.5% B to 




BAC antibacterial assay 
BACs were tested against the Gram positive bacterium, Bacillus algicola CNJ 803, and 
the Gram negative bacterium, V. fischeri ES114 in a 96-well liquid assay. Prior to the assay, B. 
algicola was grown on nutrient agar (BD, Franklin Lakes, NJ), and V. fischeri on SWT agar, 
overnight at 28˚C. Inoculums of the target strains were prepared by adding colonies to nutrient 
broth or SWT broth and adjusting the OD600 to 0.08-0.10. A master mix was then prepared by 
mixing 7.84 mL of the appropriate broth, 6.40 mL water, and 1.60 mL of the inoculum. Into a 
96-well round-bottomed plate (Corning Costar, Corning, NY, USA), 199 µL of the master mix 
was added with 1.0 µL of the BAC sample. The plate was incubated overnight at 28˚C, and with 
constant shaking at 200 rpm in the case of V. fischeri. The wells were observed visually for 
presence or absence of bacterial growth to determine the minimum inhibitory concentration 
(MIC). Final testing concentrations were 250 µg/mL for extracts, and 0.39 to 50 µg/mL for the 
purified compounds, which were all dissolved in DMSO. Positive controls were 2.5 µg/mL of 
vancomycin (Sigma Aldrich, St. Louis, MO) for Bacillus, and 2.5 µg/mL of chloramphenicol 
(Acros Organics, Morris, NJ, USA) for Vibrio, while the negative control was DMSO with a 
0.5% final concentration. The assays were done in technical triplicates and at least two 
experimental replicates to confirm results. 
 
BAC nitric oxide (NO) inhibition assay 
An aliquot (197 L) of RAW264.7 macrophage cells in DMEM, high glucose, pyruvate 
(Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (Thermo Fisher 
Scientific) and 1% penicillin-streptomycin (Sigma Aldrich), was seeded into a 96-well flat-
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bottomed plate (Corning Costar) at a density of 2.5x104 cells/well, and incubated at 37C in an 
atmosphere of 5% CO2. After 24 h, 2 L of LPS (final concentration, 100 ng/mL) and 1.0 L of 
BAC sample (dissolved in DMSO) or control was added into the well, and incubation continued 
under the same conditions for another 24 h. Then, 100 L of the supernatant was transferred into 
another flat-bottomed 96-well plate, to which 50 L of 1% sulfanilamide (Sigma Aldrich) in 5% 
phosphoric acid (Aqua Solutions, Inc., Deer Park, TX, USA) was added. After 5 min, 50 L of 
0.1% aqueous N-(1-naphthyl)-ethylenediamine (NED) was mixed into the wells. The plates were 
read after another 5 min at 540 nm using a Synergy H1 Hybrid Reader (Biotek, Winooski, VT, 
USA). NO production was expressed as a percentage of the ratio between the sample absorbance 
and that of the negative control, DMSO. The positive control was 10 M of suberoylanilide 
hydroxamic acid (SAHA) (Sigma Aldrich). 
 
BAC antifungal disc assay 
Fusarium keratoplasticum FSSC-2g (Appendix I) was spread onto an SWT agar plate 
and allowed to grow at 28C for 24-48 h. An inoculum with OD600 of 0.01 was prepared from 
the colonies on the plate in SWT broth. Sterile, 6 mm paper discs (Difco Laboratories) were 
placed on top of an SWT agar plate, to which 10 L of BAC sample or control was added. The 
discs were allowed to dry for about 5 min before adding the fungal inoculum onto them. The 
plates were then incubated at 28C and observed for hyphal growth every 24 h for 3 days. 
Compounds 1a/1b dissolved in DMSO were tested at 10 g to 100 g/disc. The positive control 
was cycloheximide (Sigma Aldrich) at 68 g/disc, and the negative control was 10 L of DMSO 




BAC cytotoxicity assay 
MCF-7 breast cancer cells were seeded in DMEM (1X), low glucose, pyruvate (Thermo 
Fisher Scientific), supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and 1% 
penicillin-streptomycin (Sigma Aldrich). Then,199 L of the cell mixture was transferred into a 
96-well flat-bottomed plate (Corning Costar) at a density of 2.5x104 cells/well and incubated at 
37C in an atmosphere of 5% CO2. After 24 h, 1.0 L of BAC (dissolved in DMSO) or control 
was added to the well, and incubated under the same conditions for another 24 h. Then, 38 L of 
2 mg/mL [3,(4,5-dimethylthiazol-2- yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) (Promega Corporation, Fitchburg, WI, USA) and 2 L of 0.9 mg/mL 
phenazine methosulfate (PMS) (Acros Organics) were mixed into the wells, and allowed to react 
with the cells for 3 h at 37C. The absorbance was measured at 490 nm using a plate reader. The 
positive control used was doxorubicin (Fisher Scientific) at 10 M, and DMSO was used as the 
negative control. Cell viability was calculated as the percentage of the absorbance ratio between 
the sample well and DMSO. The assay was done in technical triplicates with at least two 
experimental replicates to verify reproducibility. 
 
Results 
Zone of Inhibition Assays 
An initial screen of 19 ANG/JC isolates for in vitro antibacterial activity revealed two 
strains, Leisingera sp. ANG59 and Pseudoalteromonas sp. JC28, which could inhibit one or 
more of the marine bacteria tested (Table 1). All other ANG/JC strains tested did not form any 
zones of inhibition when spotted on the surface of marine Gram negative and Gram positive 
lawns at a high density (108 CFU/ml). The Alphaproteobacteria strain, Leisingera sp. ANG59, 
59 
 
produced moderate zones of inhibition against two of the vibrio strains, V. fischeri and V. 
anguillarum. These results are comparable to those seen by a previous E. scolopes jelly coat 
isolate, Leisingera sp. JC1, which was previously reported to inhibit select vibrio strains in a 
similar bioassay (85). The strain ANG59 also produces a dark-blue pigment and contains the 
indigoidine biosynthetic genes associated with antimicrobial activity in JC1 (85). 
 The Gammaproteobacteria JC isolate, Pseudoalteromonas sp. JC28, showed the 
strongest inhibition of all isolates tested and was able to inhibit all five of the Gram negative 
target bacteria and both Gram positive target bacteria. Due to this general inhibitory activity, 
JC28 was selected for further antibacterial testing to determine if greater inhibition was observed 
at lower target lawn densities. Testing lower lawn densities (104-106 CFU/ml) would be more 
representative of the concentrations of bacteria in the seawater which these isolates are exposed 
to over the course of egg development. 
 Significantly greater inhibition was seen between 104-105 CFU/ml and 105-106 CFU/ml 
lawn densities for all test strains except the 104-105 CFU/ml densities of P. leiognathi and the 
105-106 CFU/ml densities of E. aesteuri (Figure 1). The greatest inhibition was seen against V. 
anguillarum (ZOI = 11.1 cm2; Table S2) at the lowest lawn density, followed by the Gram 
positive, E. aesteuri (ZOI = 5.3 cm2; Table S2) at the lowest lawn density.  
 
Genomic and phylogenetic analyses 
 The genome of Pseudoalteromonas sp. JC28 was sequenced on the Illumina MiSeq, 
assembled into 40 scaffolds using the A5 assembly pipeline (122), and annotated with RAST 
(123). The genome size is 5.53 Mb with a GC content of 43.2%, N50 of 509,001 bp, and 4,894 
coding sequences. In the MLSA analysis, Pseudoalteromonas sp. JC28 was placed in a well-
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supported clade containing mostly pigmented pseudoaltermonads isolated from seawater samples 
(Fig. 2). The closest strain to JC28 was Pseudoalteromonas flavipulchra JG1. This clade also 
contained five Pseudoalteromonas piscicida strains and one Pseudoalteromonas elyakovii strain. 
With a few exceptions, most strains examined fell into either a pigmented or non-pigmented 
clade, as has been previously described (157).  
Analysis of the JC28 genome with antiSMASH revealed a total of 18 predicted secondary 
metabolite gene clusters. This included 9 non-ribosomal peptide synthetases (NRPS) clusters, 4 
hybrid type 1 polyketide -NRPS (T1PKS-NRPS) clusters, 1 hybrid ladderane-NRPS cluster, 3 
bacteriocin clusters, and 1 thiopeptide cluster (Table S3). Two of the predicted NRPS clusters in 
the JC28 genome were found at the end of a contig and five NRPS clusters encompassed an 
entire contig (Table S3), suggesting that the number of clusters may be inflated due to breaks in 
the assembly at these regions.  
The predicted ladderane-NRPS cluster had 100% amino acid similarity to a known 
bromoalterochromide (BAC) producing cluster from Pseudoalteromoans piscicida JCM20779 
(116). This operon contains 14 genes, including three NRPS genes (altKLM) and a halogenase 
(altN) which attaches the bromine to the alterochromide (Fig. 3B, Table 2). 
Bromoalterochromides are yellow lipopeptides known to have cytotoxic activity on sea urchin 
eggs (112) and the ciliate, Tetrahymena pyriformis (114), and antibacterial activity against 
Bacillus subtilis (116). Within the pigmented tree group, all strains in the branch that contained 
JC28 also contained the BAC biosynthetic gene cluster (Table S3). Of the other bioactive 
secondary metabolites produced by pseudoalteromonads with known biosynthetic pathways, P. 
sp. JC28 also has the gene for production of the antibacterial peptide, Pfap, produced by P. 
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flavipulchra JG1 (139) (99% nucleotide similarity). We did not detect genes for 
bromopyrroles/bromophenols, tambjamines, thiomarinols, or violacein. 
 
Isolation and structure elucidation of bromoalterochromides (BACs) 
The organic extracts obtained from both the supernatant and pellet of the JC28 culture 
were analyzed by liquid chromatography-mass spectrometry (LC-MS). The EtOAc extract from 
the supernatant, as well as the 90% aqueous MeOH extract from the pellet, showed several peaks 
that strongly absorbed at 395 nm, and with MS spectra that were characteristic of brominated 
compounds (Fig. S1, Table S5). These two extracts were then purified separately by reversed-
phase high performance liquid chromatography (RP-HPLC), resulting in a combined total of 4.1 
mg of 1a/1b and 1.1 mg of 2a/2b. Extensive analysis of the isolated compounds by NMR 
spectroscopy revealed that 1a/1b is a mixture of constitutional isomers of known BACs (Fig. 
3A), BAC-A/A'. The spectroscopic data were superimposable with those in the literature (112). 
Compounds 2a/2b were elucidated to be another pair of isomers of two new BAC derivatives, 
we have named BAC-D/D'. The new BAC's have a mass 14 Da greater than that of 1a/1b, which 
suggested the presence of an additional CH2 in their structure. Although two studies have 
previously detected these new derivatives from P. piscicida JCM20779 and P. maricaloris 
KMM636 (111, 159), their actual structures have not been reported. The HMBC and NOESY 
NMR data of 2a were identical with those of 1a, indicating that the connectivities between the 
five amino acid residues and the acyl chain are the same (Fig. 4). The 1H NMR spectra of the 
two pairs of derivatives were almost completely identical, except that the proton signals at 3.96 
and 1.87 ppm (Table 3), assigned to H-2 and H-3 of the Val moiety in 1a/1b, could not be 
observed in the 1H NMR spectrum of 2a/2b. This clearly suggested that the Val residue should 
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be replaced with a different amino acid, possibly Ile or Leu, in 2a/2b. COSY correlations 
between a CH proton at 1.68 ppm and doublet CH3 protons at 0.90 ppm, and CH2 protons at 1.13 
and 1.42 ppm confirmed that 2a/2b possess an Ile moiety in place of Val; hence, the structure of 
2a/2b was determined (Fig. 3A).   
 Besides this, our group noted necessary chemical shift reassignments on the aromatic ring 
carbons (C-1', C-2', and C-6') of BAC-A/A' because they were incongruent with the previous 
assignments reported by Speitling et al. (112)(Table 3). Moreover, because of the higher 
spectroscopic resolution used in this study, which was further enhanced by a cryoprobe, the 
chemical shifts for all the olefins were definitively assigned. High-resolution MS analysis of 
1a/1b and 2a/2b showed m/z's of 844.2899 Da and 858.3034 Da, respectively, which are in full 
agreement with the calculated m/z's for the respective BAC's [M+H]+, 844.2875 Da and 
858.3032 Da. 
 We set out to confirm the absolute configuration of the isolated compounds because of 
the inconsistencies found in the literature. Speitling et al. (112) tentatively assigned all five 
amino acids in the peptide portion of BAC-A/A' to be of L-configuration. Furthermore, their 
group, as well as Kalinovskaya et al. (113), assigned Thr to be in the threo-form. These 
stereochemical assignments are almost the exact opposite of the bioinformatic data obtained 
from the P. piscicida JCM20779 and JC28 BAC gene clusters, wherein all nonribosomal peptide 
synthetase (NRPS) modules bear an epimerase domain, except for that of Asn-1, and the module 
for Thr was predicted to favor its erythro-diastereomer (116, 159). To verify the absolute 
stereochemistry, the C3 Marfey method was performed on the acid hydrolysates of 1a/1b and 
2a/2b, as well as on all isomers of the standard amino acids (118). In addition, since Asn was 
expected to be converted, in part or completely, to Asp under the hydrolytic conditions applied to 
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the natural products (160), standards of Asp were derivatized and analyzed in the same manner. 
Analyzing the L-FDLA-derived samples by LC-MS condition A, 1a/1b were found to bear D-
Val, L- and D-Leu (1:6), D-Ile or D-aIle, D-aThr, and L- and D-Asp (1:2) (Table 4). No peak 
corresponded to Asn, indicating complete hydrolysis to Asp. Since both isomers of Asp were 
detected from the hydrolysate, Asn-1 and Asn-2 were assigned to be in the L-form and D-form, 
respectively, in accordance with the JC28 bioinformatic data. However, under the employed 
analytical conditions, D-Ile and D-aIle could not be fully resolved. Consequently, L-FDAA-
derived samples were prepared and analyzed using LC-MS condition B, where D-aIle, rather 
than D-Ile, was observed in the 1a/1b hydrolysate. Similar results were acquired for 2a/2b, with 
the exception that a Val peak was not detected. Therefore, the complete structures were 
designated as D-aThr-D-Val-L-Asn1- D-Asn2-D-aIle/D-Leu for 1a/1b, and D-aThr-D-aIle-L-
Asn1-D-Asn2- D-aIle/D-Leu for 2a/2b. 
 
Antibacterial and NO inhibition assays 
 To investigate the potential role of these PKS-NRPS metabolites in JC28’s antimicrobial 
activity, BAC-A/A' and BAC-D/D' were tested against marine microbes. Due to the scarcity of 
the available extracts, only one Gram positive strain (B. algicola CNJ 803) and one Gram 
negative strain (V. fischeri ES114) were tested. BAC-A/A' (1a/1b) had an MIC of 7.4 μM against 
B. algicola and 59.3 μM against V. fischeri. BAC-D/D' (2a/2b) had an MIC of 7.3 μM against B. 
algicola and >58.3 μM against V. fischeri. Interestingly, both BAC samples were 8-fold more 
active against the Bacillus than the Vibrio. Furthermore, 1a/1b were subjected to NO inhibition 
assay to demonstrate a possible mechanism for host colonization and how the symbiont escapes 
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the host immune response. As a result, co-incubation of LPS-treated RAW264.7 macrophage 
cells with 1a/1b resulted in inhibition of NO production (IC50 16.9 M).  
 
Antifungal and cytotoxicity assays 
 Since the JC28 isolate strongly reduced fungal hyphal growth of Fusarium 
keratoplasticum FSSC-2g by 91% in a well diffusion assay (Appendix I), 1a/1b was tested in a 
similar assay to confirm whether the BAC's may be, at least, partly responsible for the observed 
activity. When 50 g of 1a/1b was added onto a 6 mm paper disc inoculated with the fungus, a 
28% reduction in the surface area of hyphal growth was observed, in comparison with the 
negative control, after 72 h of incubation (Figure S2). In addition, 1a/1b was subjected to a 
cytotoxicity assay versus MCF-7 cells, wherein the compounds demonstrated strong activity.  
 
Discussion  
The Pseudoalteromonas genus is comprised of Gram negative, heterotrophic, and aerobic 
marine bacteria that belong to the sub-class of Gammaproteobacteria (157, 161, 162), and which 
comprises less than 0.1% of the E. scolopes ANG/JC bacterial communities (72). The 
pseudoalteromonads demonstrate a broad range of antimicrobial, anti-settlement, and cytotoxic 
activity on many organisms. This activity is thought to be attributed mainly to the pigmented 
members of this group (157), to which Pseudoalteromonas sp. JC28 belongs and has 
demonstrated antibacterial activity here and previous antifungal activity (Appendix I). Within the 
branch containing JC28, many P. piscicida strains have also shown strong inhibition against 
vibrios and other bacterial pathogens (156)(163) and antifungal activity against several fungi, 
including Arthrinium c.f. saccharicola (164) and Fusarium oxysporum (165). P. piscicida strains 
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have demonstrated eukaryotic toxicity, killing Artemia nauplii and C. elegans nematodes (136), 
and lysing Gymnodinium catenatum algal cells (166). Other P. piscicida strains inhibited 
settlement of red algae (Polysiphonia sp.) and green algae (Ulva lactuca) spores (156)(150).  
 The bacterial community in the jelly coat of E. scolopes eggs is necessary for preventing 
fouling by bacteria and fungi, which would otherwise result in embryo death (Appendix I). The 
exact cause of embryo death in fouled eggs is unclear, but it may result from a decrease in 
oxygen. Oxygen levels in marine gastropod egg clutches can drop from 100% of air saturation to 
50% at 5 mm inside a clutch during early developmental stages, and drop to nearly zero in late 
development stages (24). Any added biomass (microbes, algae, or settled invertebrate larva) on 
the exterior of egg clutches could further deplete available oxygen to the embryos. Outside of the 
branch containing JC28 (Fig. 2), the biofilms of several Pseudoalteromonas species are actually 
necessary for settlement or induction of morphogenesis of marine invertebrate larvae, such as the 
polychaete Hydroides elegans (167), the coral Acropora millepora (168), or the sea urchin 
Heliocidaris erythrogramma (169). Although JC28 does not have the settlement genes associated 
with P. luteoviolacea HI1 (170), future research will need to examine what impact JC28 has on 
larval or algal settlement. Overall, the effect of clearing the JC bacteria from E. scolopes eggs 
and determining the effect of larval/algal settlement on embryo development remains to be 
tested. 
The closest relative of the JC28 strain, P. flavipulchra JG1, was isolated from the rearing 
water of healthy turbot in Qingdao, China, and was investigated as a potential probiotic in fish 
rearing (171). It strongly inhibited Aeromonas and Vibrio species in vitro, and did not have any 
eukaryotic toxicity against zebra fish, bivalves, or mantis shrimp (171). Since JC28 was isolated 
from healthy E. scolopes eggs, and was presumably deposited into these eggs from the ANG 
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community of adult female squid, it likely also does not have toxic effects on its host. The 
antibacterial activity of JG1 was strongest against V. anguillarum in vitro, similar to what was 
seen here with JC28 (139). Several antibacterial compounds have been characterized from JG1, 
including the Pfap protein and five small molecules: p-hydroxybenzoic acid, trans-cinnamic 
acid, 6-bromoindolyl-3-acetic acid, N-hydroxybenzoisoxazolone, and 2’-deoxydenosine, with the 
brominated compound (6-bromoindolyl-3-acetic acid) having the most broad antimicrobial 
activity (139). The Pfap protein is a putative L-amino acid oxidase, which may play a role in 
synthesis of  6-bromoindolyl-3-acetic acid (172). Future research will need to determine if Pfap, 
also contributes to JC28’s inhibitory activity. Although JG1’s bromoalterochromide activity is 
not described, we tested the activity of JC28’s BACs here.  
The BACs produced by JC28 demonstrated increased antibacterial activity against a 
Gram positive bacterium over a Gram negative bacterium, and had activity against the fungal 
pathogen F. keratoplasticum. The BACs did demonstrate a large gap in antifungal activity (28% 
hyphal inhibition) compared to the whole isolate’s in vitro activity (91% hyphal inhibition, 
Appendix I). A similar observation has been described in other BAC-producing 
Pseudoalteromonas strains, which were initially active against Vibrio anguillarium in an isolate 
well-diffusion assay, but whose EtOAc extracts turned out to be inactive (115). This could be 
caused by upregulation in BAC production when exposed to a pathogen, or that water-soluble 
metabolites in the cell-free supernatant are necessary to exert maximum hyphal growth 
inhibition. Although BAC-A isolated from Pseudoalteromonas sp. J010 was previously shown to 
have antiprotozoal activity against Tetrahymena pyriformis, it did not have antibacterial or 
antifungal activity in a disc-diffusion assay (114). This is the first demonstration that purified 
BACs themselves, devoid of the producer strain or other bacterial metabolites, possess 
67 
 
antibacterial and antifungal activity, signifying the ecological and clinical importance of these 
PKS-NRPS molecules. The cytotoxic activity of BAC-A/A' versus MCF-7 human breast cancer 
cells, but not against RAW264.7 macrophage cells in the NO inhibition assay (data not shown), 
suggests selectivity toward tumor cell lines and makes this noteworthy for drug discovery. 
Heterologous expression of the BAC gene cluster in E. coli (159) and optimization of 
Pseudoalteromonas culturing conditions (111) are promising methods to obtain higher yields of 
BACs for further biological investigations. 
Besides potentially aiding in E. scolopes egg defense, the BACs may play a role in 
Pseudoalteromonas sp. JC28’s ability to colonize the ANG. In the well-studied light organ 
symbiosis of E. scolopes, the bioluminescent V. fischeri exclusively colonizes the light organ just 
a few hours after the eggs hatch (173–175). Every morning, 95% of the V. fischeri population is 
expelled from the light organ, as part of a daily venting routine (176, 177). Proteomic analysis of 
this exudate, along with surrounding host epithelial tissue, revealed that the host expresses 
several proteins involved in oxidative stress, resulting in production of reactive oxygen and 
nitrogen species (ROS and NO). In response to the host, symbiont proteins responsible for ROS 
and NO detoxification, such as superoxide dismutase and nitric oxide dioxygenase, are expressed 
and detected in the light organ exudate (173). The ability of BACs to inhibit NO production in 
the in vitro assay using LPS-induced RAW264.7 macrophage cells may be an indication of how 
JC28 may overcome the host’s immune system to colonize the ANG, and eventually the JC. 
Further investigations are necessary, however, to determine whether the ANG colonization 






Pseudoalteromonas sp. JC28 represents the first sequenced Gammaproteobacteria isolate 
of the E.scolopes ANG symbiosis and demonstrates broad antimicrobial activity against Gram 
positive and Gram negative bacteria, as well as fungi. Although pseudoalteromonads make up 
less than 0.1% of the ANG/JC bacterial community (72), its strong bioactivity may contribute to 
the community’s overall defensive function. Pseudoalteromonas sp. JC28 has been shown to 
produce bromoalterochromides with antimicrobial and select cytotoxic effects, making this a 
potential contributor to JC28’s bioactivity. Future research will need to knockout the 
bromoalterochromide biosynthetic genes, and the genes for other predicted secondary 
metabolites, to determine the role of these compounds in JC28’s inhibitory activity, and potential 










Figure 1. Pseuodoalteromonas sp. JC28 inhibits Gram positive and Gram negative marine 
bacteria. (A) Areas of inhibition (cm2) were measured on lawns of marine bacteria with 
increasing lawn densities. Significantly greater inhibition was noted between 104 – 105 and 105 – 
106 CFU/ml densities of all species with the exception of the 104 – 105 CFU/ml densities of P. 
leiognathi and the 105 – 106 CFU/ml densities of E. aesteuri (post hoc Tukey tests from two-way 
ANOVA). Data presented as mean of nine trials +/- standard deviation. Representative images of 
(B) JC28 monoculture control, and JC28 cocultured with P. leiognathi at (C) 104 CFU/ml, (D) 






Figure 2. MLSA analysis of Pseudoalteromonas genomes and isolate from E. scolopes egg 
jelly coat. Phylogenetic analysis was performed with 6 single-copy, housekeeping genes. Isolate 
JC28 falls within a clade containing the pigmented P. flavipulchra JG1. Black circles indicate 






Figure 3. Structures and biosynthetic operon of bromoalterochromides. (A) Structures of 












Table 1. Summary of ANG/JC isolates that showed inhibition against seven marine 
bacteria in vitro 















  Leisingera sp. ANG1 - - - - - - - 
  Leisingera sp. ANG-M6 - - - - - - - 
  Leisingera sp. ANG-DT - - - - - - - 
  Leisingera sp. ANG-S - - - - - - - 
  Leisingera sp. ANG-S3 - - - - - - -  
  Leisingera sp. ANG52 - - - - - - - 
  Leisingera sp. ANG59 + + - - - - - 
  Leisingera sp. JC11 - -  -  - - - - 
  Rhodobacteraceae sp. ANG7 - -  - - - - - 
  Rhodobacteraceae sp. ANG13 - - - - - - - 
  Labrenzia sp. ANG18 - - - - - - - 
  Ruegeria sp. ANG6 - - - - - - - 
  Ruegeria sp. ANG10 - - - - - - - 
  Ruegeria sp. ANG-S4 - - - - - -  - 






.   Shewanella sp. ANG44 - - - - - - - 
  Altermonas sp. JC21 - - -  - - - - 
  Pseudoalteromonas sp. JC28 + + + + + + + 
  Vibrio sp. JC34 + - - - - - - 
Abbreviations: Flavo. = Flavobacterriia; Gamma. = Gammaproteobacteria; + = zone of 
inhibition observed, - = no zone of inhibition observed (results of 3 trials). 
 aNumbers refer to the following strains: 1, Vibrio fischeri ES114; 2, Vibrio anguillarum 775; 3, 
Vibrio parahaemolyticus KNH1; 4, Vibrio harveyi B392; 5, Photobacterium leiognathid 






Table 2. Comparison of the bromoalterochromide biosynthetic gene cluster in 
Pseduoalteromonas sp. JC28 and Pseudoalteromoans piscicida JCM20779 
Gene Gene function 
P. sp. JC28 
locus ID 

















DS891_00345 PpisJ2_10100002431 97.82 0 100 
altM NRPS DS891_00350 PpisJ2_10100002426 96.89 0 100 
altL NRPS DS891_00355 PpisJ2_10100002421 97.28 0 100 
altK NRPS DS891_00360 PpisJ2_10100002416 98.42 0 100 


































fatty acid ligase 
DS891_00400 PpisJ2_10100002376 97.99 0 100 




DS891_00410 PpisJ2_10100002366 99.63 0 100 




Table 3. 1H and 13C chemical shifts of 1a/1b and 2a/2b in DMSO-d6 (600 MHz). 



















-- 8.18, d (6.0) -- 8.11, m -- 8.11, m -- 
1 -- 171.9 -- 171.9 -- 172.2 -- 172.2 
2 3.96, m 59.0 3.96, m 59.0 4.18, m 57.1 4.18, m 57.1 

































1 -- 171.4 -- 170.2 -- 171.4 -- 170.3 
2 4.32, m 51.1 4.30, m 51.1 4.30, m 51.7 4.28, m 51.7 
3 2.41, m 35.8 2.41, m 35.8 2.41, m 36.1 2.41, m 36.1 



















1 -- 170.0 -- 170.2 -- 170.0 -- 170.3 
2 4.39, m 50.6 4.43, m 50.6 4.39, m 50.7 4.43, m 50.7 
3 
2.74, dd  
(18.0,6.0) 
35.1 2.55, m 35.1 
2.75, dd  
(18.0,6.0) 
35.2 2.55, m 36.0 



















1 -- 169.3 -- 171.1 -- 169.3 -- 171.1 
2 4.36, m 55.8 4.43, m 49.7 4.35, m 56.4 4.45, m 49.7 
3 1.96, m 36.4 
1.65, m 
1.88, m 











14.3 0.84, m 21.4 
0.80, d 
(6.0) 




25.7 1.63, m 23.7 
1.05, m 
1.33, m 















-- 8.25, d (6.0) -- 8.28, m -- 8.28, m -- 
1 -- 168.8 -- 169.2 -- 168.8 -- 168.8 
2 4.74, m 54.8 4.82, m 54.8 4.77, m 55.0 4.77, m 55.0 


























3 7.14, m 139.6 7.14, m 139.6 7.13, m 139.6 7.13, m 139.6 
4 6.42, m 129.9 6.42, m 129.9 6.40, m 129.9 6.40, m 129.9 
5 






6.72, dd  
(18.0, 12.0) 
139.3 
6.72, dd  
(18.0, 12.0) 
139.3 
6 6.47, m 131.7 6.47, m 131.7 6.45, m 131.5 6.45, m 131.5 
7 





136.2 6.54, m 136.4 6.54, m 136.4 







132.6 6.58, m 132.4 6.58, m 132.4 
1' -- 129.8 -- 129.8 -- 129.7 -- 129.7 
2' 7.65, s 130.6 7.65, s 130.6 7.64, s 130.6 7.64, s 130.6 
3' -- 109.8 -- 109.8 -- 109.8 -- 109.8 
4' -- 153.9 -- 153.9 -- 154.2 -- 154.2 
4'-OH nd -- nd -- nd -- nd -- 
5' 6.90, m 116.3 6.90, m 116.3 6.92, m 116.3 6.90, m 116.3 
6' 7.32, m 126.7 7.32, m 126.7 7.32, m 126.7 7.32, m 126.7 





Table 4. Retention times (tR) of standards and hydrolysate derivatives using L-FDLA and L-
FDAA. 
 LC-MS  
Condition 
tR (min) 
Standards 1a/1b 2a/2b 
L-Val 
A 
30.01 nd nd 
D-Val 37.09 37.12 nd 
L-Leu 
A 
31.55 31.57 nd 
D-Leu 40.10 40.13 40.58 
L-Ile 
A 
31.37 nd nd 
D-Ile 39.27 39.27 39.66 
L-aIle 30.81 nd nd 
D-aIle 39.21 39.27 39.66 
L-Thr 
A 
21.70 nd nd 
D-Thr 28.52 nd nd 
L-aThr 23.42 nd nd 
D-aThr 25.95 25.96 26.26 
L-Asp 
A 
23.97 23.97 24.22 
D-Asp 27.16 27.13 27.54 
D-Ile 
B 
73.64 nd nd 
D-aIle 74.33 74.67 74.80 





Figure S1. Bromoalterochromide chromatograms. (A) LC chromatogram of BAC-containing 
EtOAc extract from JC28 culture supernatant, ran using a long gradient, monitored at 209 nm 
(red trace), 254 nm (blue trace), and 299 nm (green trace). (B) UV chromatogram of peak eluting 
at 23.08 min. (C) Extracted ion chromatogram at m/z 844 (blue trace) and 858 (red trace). (D) 






Figure S2. Bromoalterochromides inhibited hyphal growth of F. keratoplasticum-2g in the 
modified disc diffusion assay. (a)-(c) 24 h, and (d)-(f) 72 h after incubation. (a) and (d) 1a/1b 
(50-μg), (b) and (e) negative control, DMSO (10 μL), (c) and (f) positive control, cycloheximide 





Table S1. Bacterial strains used in this study. 
Strain Characteristics Source 
Leisingera sp. ANG1 
Isolate from Euprymna 
scolopes ANG 
Collins & Nyholm (2011) 
Ruegeria sp. ANG6 Isolate from E. scolopes ANG This study 
Leisingera sp. ANG7 Isolate from E. scolopes ANG This study 
Ruegeria sp. ANG10 Isolate from E. scolopes ANG This study 
Leisingera sp. ANG13 Isolate from E. scolopes ANG This study 
Labrenzia sp. ANG18 Isolate from E. scolopes ANG This study 
Muricauda sp. ANG21 Isolate from E. scolopes ANG Gromek et al. (2016) 
Shewanella sp. ANG44 Isolate from E. scolopes ANG This study 
Leisingera sp. ANG52 Isolate from E. scolopes ANG This study 
Leisingera sp. ANG59 Isolate from E. scolopes ANG This study 
Leisingera sp. ANG-DT Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-M6 Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-S Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. ANG-S3 Isolate from E. scolopes ANG Collins et al. (2015) 
Ruegeria sp. ANG-S4 Isolate from E. scolopes ANG Collins et al. (2015) 
Leisingera sp. JC11 
Isolate from E. scolopes egg 
jelly coats 
This study 
Alteromonas sp. JC21 





Isolate from E. scolopes egg 
jelly coats 
This study 
Vibrio sp. JC34 





Seawater isolate Stabb & Ruby (2002) 
Vibrio anguillarum 775 
Isolate from Oncorhynchus 
kisutch 
Crosa et al. (1977) 
(Courtesy of Dr. Joerg Graf, 
University of Connecticut) 
Vibrio fischeri ES114 
Isolate from E. scolopes light 
organ 
Boettcher & Ruby (1990) 
Vibrio harveyi B392 Seawater isolate Reichelt & Baumann (1973) 
Vibrio anguillarum 775 
Isolate from Oncorhynchus 
kisutch 
Crosa et al. (1977) 
(Courtesy of Dr. Joerg Graf, 
University of Connecticut) 
Bacillus algicola CNJ 803 
Marine sediment sample, 0 
meter depth, Republic of Palau 
Gontang et al. (2007) 
(Courtesy of Dr. René 
Augustin and the McFall-
Ngai/Ruby Labs, University of 
Hawaii) 
Bacillus megaterium CNJ 
778 
Marine sediment sample, 23 
meter depth, Republic of Palau 
Gontang et al. (2007) 
(Courtesy of Dr. René 
Augustin and the McFall-
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Marine sediment sample, 50 
meter depth, Republic of Palau 
Gontang et al. (2007) 
(Courtesy of Dr. René 
Augustin and the McFall-







Table S2. Zone of inhibition areas of Pseudoalteromonas sp. JC28 assayed against the 
target bacteria 
Target strain 
104 lawn density 
average area (cm2) 
105 lawn density 
average area (cm2) 
106 lawn density 
average area (cm2) 
P. leiognathi KNH6 1.63 ± 0.05 1.63 ± 0.05 0.24 ± 0.01 
V. harveyi B392 3.85 ± 0.09 2.82 ± 0.12 1.10 ± 0.05 
V. fischeri ES114 4.50 ± 0.15 2.91 ± 0.08 2.02 ± 0.25 
V. parahaemolyticus KNH1 2.80 ± 0.07 2.14 ± 0.20 0.59 ± 0.04 
V. anguillarum 775 11.1 ± 0.29 8.59 ± 0.33 4.72 ± 0.14 
E. aesteuri CNJ 771 5.34 ± 0.13 4.65 ± 0.20 4.38 ± 0.08 
B. megaterium CNJ 778 3.42 ± 0.27 2.55 ± 0.29 1.12 ± 0.05 












P. elyakovii ATCC700519 altA 99.1 0 100.0 
P. elyakovii ATCC700519 altB 100.0 5.13E-50 100.0 
P. elyakovii ATCC700519 altC 97.2 0 100.0 
P. elyakovii ATCC700519 altD 98.8 0 100.0 
P. elyakovii ATCC700519 altE 100.0 5.11E-174 100.0 
P. elyakovii ATCC700519 altF 100.0 0 100.0 
P. elyakovii ATCC700519 altG 100.0 3.06E-86 100.0 
P. elyakovii ATCC700519 altH 99.6 6.09E-149 91.8 
P. elyakovii ATCC700519 altI 97.0 5.60E-153 100.0 
P. elyakovii ATCC700519 altJ 98.4 2.78E-149 100.0 
P. elyakovii ATCC700519 altK 98.7 0 97.8 
P. elyakovii ATCC700519 altL 96.7 0 95.0 
P. elyakovii ATCC700519 altM 98.2 0 79.2 
P. elyakovii ATCC700519 altN 99.3 0 100.0 
P. flavipulchra JG1 altA 99.6 0 100.0 
P. flavipulchra JG1 altB 100.0 5.19E-50 100.0 
P. flavipulchra JG1 altC 98.2 0 100.0 
P. flavipulchra JG1 altD 97.8 0 100.0 
P. flavipulchra JG1 altE 100.0 5.21E-174 100.0 
P. flavipulchra JG1 altF 100.0 0 100.0 
P. flavipulchra JG1 altG 100.0 3.10E-86 100.0 
P. flavipulchra JG1 altH 99.1 1.39E-148 91.8 
P. flavipulchra JG1 altI 96.2 1.30E-151 100.0 
P. flavipulchra JG1 altJ 98.4 9.05E-151 100.0 
P. flavipulchra JG1 altK 98.4 0 97.8 
P. flavipulchra JG1 altL 97.1 0 88.6 
P. flavipulchra JG1 altM 97.4 0 69.3 
P. flavipulchra JG1 altN 99.3 0 100.0 
Pseudoalteromonas sp. JC28 altA 99.6 0 100.0 
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Pseudoalteromonas sp. JC28 altB 100.0 5.22E-50 100.0 
Pseudoalteromonas sp. JC28 altC 98.0 0 100.0 
Pseudoalteromonas sp. JC28 altD 97.7 0 100.0 
Pseudoalteromonas sp. JC28 altE 100.0 5.24E-174 100.0 
Pseudoalteromonas sp. JC28 altF 100.0 0 100.0 
Pseudoalteromonas sp. JC28 altG 100.0 3.12E-86 100.0 
Pseudoalteromonas sp. JC28 altH 99.1 1.39E-148 91.8 
Pseudoalteromonas sp. JC28 altI 95.7 9.58E-151 100.0 
Pseudoalteromonas sp. JC28 altJ 98.0 2.54E-149 100.0 
Pseudoalteromonas sp. JC28 altK 98.4 0 97.8 
Pseudoalteromonas sp. JC28 altL 97.3 0 100.0 
Pseudoalteromonas sp. JC28 altM 96.9 0 100.0 
Pseudoalteromonas sp. JC28 altN 97.8 0 100.0 
P. piscicida ATCC15057 altA 100.0 0 100.0 
P. piscicida ATCC15057 altB 100.0 5.33E-50 100.0 
P. piscicida ATCC15057 altC 100.0 0 100.0 
P. piscicida ATCC15057 altD 100.0 0 100.0 
P. piscicida ATCC15057 altE 100.0 4.99E-174 100.0 
P. piscicida ATCC15057 altF 100.0 0 100.0 
P. piscicida ATCC15057 altG 100.0 2.97E-86 100.0 
P. piscicida ATCC15057 altH 100.0 1.27E-149 91.8 
P. piscicida ATCC15057 altI 100.0 1.99E-157 100.0 
P. piscicida ATCC15057 altJ 100.0 3.18E-152 100.0 
P. piscicida ATCC15057 altK 100.0 0 97.8 
P. piscicida ATCC15057 altL 99.1 0 98.6 
P. piscicida ATCC15057 altM 87.5 0 99.0 
P. piscicida ATCC15057 altN 100.0 0 100.0 
P. piscicida DE2B altA 99.1 0 100.0 
P. piscicida DE2B altB 100.0 9.52E-50 100.0 
P. piscicida DE2B altC 92.8 0 89.0 
P. piscicida DE2B altD 96.0 0 100.0 
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P. piscicida DE2B altE 100.0 5.04E-174 100.0 
P. piscicida DE2B altF 100.0 0 100.0 
P. piscicida DE2B altG 100.0 2.99E-86 100.0 
P. piscicida DE2B altH 98.2 7.07E-147 91.8 
P. piscicida DE2B altI 97.0 2.08E-152 100.0 
P. piscicida DE2B altJ 95.6 1.19E-146 100.0 
P. piscicida DE2B altK 97.4 0 86.8 
P. piscicida DE2B altL 96.8 0 100.2 
P. piscicida DE2B altM 94.9 0 100.0 
P. piscicida DE2B altN 97.3 0 100.0 
P. piscicida JCM20779 altA 100.0 0 100.0 
P. piscicida JCM20779 altB 100.0 5.32E-50 100.0 
P. piscicida JCM20779 altC 100.0 0 100.0 
P. piscicida JCM20779 altD 100.0 0 100.0 
P. piscicida JCM20779 altE 100.0 4.94E-174 100.0 
P. piscicida JCM20779 altF 100.0 0 100.0 
P. piscicida JCM20779 altG 100.0 2.96E-86 100.0 
P. piscicida JCM20779 altH 100.0 1.25E-149 91.8 
P. piscicida JCM20779 altI 100.0 1.97E-157 100.0 
P. piscicida JCM20779 altJ 100.0 3.14E-152 100.0 
P. piscicida JCM20779 altK 100.0 0 97.8 
P. piscicida JCM20779 altL 100.0 0 91.9 
P. piscicida JCM20779 altM 100.0 0 69.1 
P. piscicida JCM20779 altN 100.0 0 100.0 
P. piscicida S2040 altA 99.6 0 100.0 
P. piscicida S2040 altB 99.0 3.31E-49 100.0 
P. piscicida S2040 altC 97.6 0 100.0 
P. piscicida S2040 altD 98.1 0 100.0 
P. piscicida S2040 altE 100.0 4.68E-174 100.0 
P. piscicida S2040 altF 100.0 0 100.0 
P. piscicida S2040 altG 99.2 1.35E-85 100.0 
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P. piscicida S2040 altH 100.0 1.19E-149 91.8 
P. piscicida S2040 altI 97.9 1.34E-153 100.0 
P. piscicida S2040 altJ 98.4 1.63E-150 100.0 
P. piscicida S2040 altK 99.1 0 97.8 
P. piscicida S2040 altL 98.0 0 80.9 
P. piscicida S2040 altM 97.5 0 67.6 
P. piscicida S2040 altN 99.0 0 100.0 
P. piscicida S2724 altA 99.6 0 100.0 
P. piscicida S2724 altB 100.0 4.90E-50 100.0 
P. piscicida S2724 altC 97.8 0 100.0 
P. piscicida S2724 altD 98.2 0 100.0 
P. piscicida S2724 altE 99.6 1.93E-173 100.0 
P. piscicida S2724 altF 99.7 0 100.0 
P. piscicida S2724 altG 100.0 2.92E-86 100.0 
P. piscicida S2724 altH 99.1 2.09E-148 91.8 
P. piscicida S2724 altI 96.2 4.38E-152 100.0 
P. piscicida S2724 altJ 98.0 2.28E-150 100.0 
P. piscicida S2724 altK 98.7 0 97.8 
P. piscicida S2724 altL 96.9 0 100.2 
P. piscicida S2724 altM 97.7 0 100.0 





Table S4. Pseudoalteromonas sp. JC28 antiSMASH results 
Cluster type 














Ladderane-NRPS Alterochromide (100%) 1.1 1,226,393 66,592 – 137,002 70,410 5.7 
Bacteriocin NA 1.1 1,226,393 275,617 – 286,481 10,864 0.89 
T1 PKS-NRPS NA 1.1 1,226,393 633,994 – 683,565 49,571 4 
Thiopeptide NA 1.1 1,226,393 789,245 – 826,848 37,603 3.1 
Bacteriocin NA 3.1 509,001 116,400 – 127,955 11,555 2.3 
Bacteriocin NA 3.1 509,001 209,010 – 220,206 11,196 2.2 
NRPS NA 3.1 509,001 401,470 – 461,115 59,645 11.7 
NRPS NA 6.1 374,113 316,144 – 372,250 56,106 15 
T1 PKS-NRPS Lotilibcin (20%) 7.1 531,598 1 – 86,834 86,834 16.3 
T1 PKS-NRPS NA 8.1 314,808 76,426 – 148,258 71,832 22.8 
NRPS NA 11.1 183,335 159,352 – 183,335 23,983 13.1 
T1 PKS-NRPS NA 14.1 64,805 21,604 – 64,262 42,658 65.8 
NRPS Cupriachelin (11%) 16.1 35,618 77 – 35,618 35,541 99.8 
NRPS NA 21.1 11,311 1 – 11,311 11,311 100 
NRPS NA 22.1 7,911 3,369 – 7,768 4,399 55.6 
NRPS NA 24.1 4,435 1 – 4,435 4,435 100 
NRPS NA 25.1 3,916 1-3,916 3,916 100 





Table S5. Alterochromides detected in the EtOAc and 90% aqueous MeOH extracts of JC28 by 
a short-gradient LC-MS run. 
tR (min) Observed m/z Remarks 
5.24 766.2 Alterochromide A/A' 
7.71 844.2 Bromoalterochromide A/A' 
8.86 858.2 Bromoalterochromide A/A' + CH2 
9.83 870.2 Bromoalterochromide B/B' 
10.27 924.1 Dibromoalterochromide A/A' 
10.87 884.3 Bromoalterochromide B/B' + CH2 






Chapter 3  
 
 
Metagenomic analyses of the accessory nidamental gland community provides 
metagenome-assembled genomes of uncultured members and a source to mine secondary 




The accessory nidamental gland (ANG) of Euprymna scolopes deposits bacteria in the 
jelly coat (JC) layer of fertilized eggs (69)(72). These bacteria are hypothesized to provide 
defense against microbial infections (Appendix I), but little is known about their metabolism in 
the ANG or eggs. Although some isolates from the community have been cultured, some groups 
have not, and genomic studies have been limited to the Alphaproteobacteria (103)(85). Of the 
thirteen previously published isolates, all are members of the Alphaproteobacteria, with ten 
Leisingera spp., two Ruegeria spp., and one Tateyamaria sp. (103)(85). While the Leisingera 
genus makes up 26.8% of the wild E. scolopes ANG community, there are six other genera of 
Alphaproteobacteria present at greater than 0.1% in 16S rRNA amplicon sequencing reads (72) 
which do not yet have cultured representatives. As well, the second most dominant taxa, the class 
Opitutae of the Verrucomicrobia (present at 28.4%), also remain uncultured. When examining 
just the core community of operational taxonomic units (OTUs) present in wild ANGs (OTUs 
present in 90% of samples), 29.30% are Leisingera spp. and 0.95% are Opitutus spp. (72). To 
gain a better understanding of how this symbiotic community functions in adult hosts and 
developing eggs, we must first obtain more reference genomes for a greater diversity of the 
community members. 
Metagenomic sequencing of symbiotic communities has provided insights into several 
symbioses where the majority of community members have not yet been cultured. In cattle, a 
combination of metagenome binning and Hi-C-based proximity-guided assembly of 43 rumen 
metagenomes allowed for the assembly of 913 metagenome-assembled genomes (MAGs)(178). 
These MAGs contained 69,000 proteins predicted to be involved in carbohydrate metabolism of 
the rumen microbiota, the majority of which only had 60-70% amino acid similarity to proteins 
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in public databases. Study of these proteins and MAGs will provide future insights into 
carbohydrate metabolism in rumen microbiomes. Metagenomic sequencing of the Mediterranean 
sponge, Aplysina aerophoba, led to 37 bins from 11 bacterial phyla and revealed an enrichment 
in genes for defense (toxin-antitoxin systems) and host colonization compared to non-symbiotic 
relatives (179). As well, the potential for specialized utilization of either host-provided carnitine 
or sulfated polysaccharides was observed between two symbiont guilds. Analysis of the honey 
bee gut metagenome revealed that different bacterial members may be specialized to different 
carbohydrate breakdown pathways and have a high amount of strain level diversity despite a less 
diverse community at the class level (180). 
The goals of this chapter were to sequence ANG metagenomes to bin genomes and 
predict secondary metabolite biosynthetic genes that may be involved in the production of 
defensive compounds and understand the metabolism of uncultivated members of the ANG 
community. A metagenome from one ANG was previously sequenced with 454 pyrosequencing, 
which yielded 622,987 reads (69). More metagenomic sequencing from four females was desired 
to capture a more complete picture of the metabolic potential of the ANG bacterial community. 
Previously sequenced ANG isolate genomes have been analyzed with the antibiotics and 
secondary metabolite analysis shell (antiSMASH)(181) and possess gene clusters for the 
production of nonribosomal peptide synthetases (NRPSs), polyketide synthases (PKS), 
bacteriocins, siderophores, terpenes, ectoines, and homoserine lactones (103)(85). Although 
these biosynthetic genes have been identified, the structures they produce have not been 
characterized and the analyzed genomes represent a small percentage of the ANG community. 
To examine the metabolic potential of the entire community, including members that have not 
yet been cultured, an antiSMASH analysis was performed on an ANG metagenome co-assembly 
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of four female’s ANGs. These analyses predicted 255 secondary metabolite biosynthetic gene 
clusters from 18 metabolite classes. Binning of the ANG metagenomes resulted in nine high-
quality MAGs, including members of the Verrucomicrobia, Alphaproteobacteria, and 
Gammaproteobacteria.  
 
Materials and Methods 
Sample collection 
Adult female Hawaiian bobtail squid, Euprymna scolopes, were collected from sand flats 
in Maunalua Bay, Oahu, Hawaii (21826’3.36“N, 157847’20.78”W) in July 2016 and January 
2017. Bobtail squid were shipped back to the University of Connecticut, where they were 
maintained in aquaria with artificial seawater (Instant Ocean, Blacksburg, VA) and a 12 hr light / 
12 hr dark cycle. Four sexually mature females (mantle lengths = 25 – 31 mm, Table S1) were 
sacrificed after one month in the lab following protocols approved by the UConn Institutional 
Animal Care and Use Committee (IACUC). Dissection tools were soaked in RNase Away 
(Ambion, Austin, TX) for one hour prior to use. The ANGs were dissected using sterile forceps, 
cut in half using a sterile razor blade, surface sterilized with 95% ethanol, and rinsed in filter-
sterilized squid Ringer’s (FSSR, 530 mM NaCl, 25 mM MgCl2, 10 mM CaCl2, 20 mM HEPES, 
pH 7.5). One half of each ANG sample was placed in RNAlater (Invitrogen, Waltham, MA) and 
stored at -80°C for future RNA extractions. The other half of each ANG was flash-frozen in 






ANG bacterial DNA extraction 
Frozen ANG tissue was thawed on ice and homogenized in 0.5 ml FSSR with a ground-
glass homogenizer. To pellet squid tissue, homogenate was centrifuged at 100 x g for 5 min., at 
room temperature. The supernatant containing bacterial cells was removed and centrifuged at 
5000 x g for 5 min., at room temperature, to pellet cells. Supernatant was discarded and the 
bacterial pellet was washed with FSSR until the protein concentration of the supernatant, as 
measured by absorbance at 280 nm, was sufficiently low (<0.5 mg/ml), totaling six washes.  
DNA from the bacterial pellet was extracted using the MasterPure Complete DNA and 
RNA Purification Kit (Epicentre, San Diego, CA), following the manufacturer’s protocol for cell 
samples with the addition of bead-beating homogenization. Briefly, the bacterial pellet was 
resuspended in 300 µl of Tissue and Cell Lysis solution with Proteinase K and bead-beat with 
0.01 mm and 0.5 mm diameter zirconia/silica beads (BioSpec Products, Bartlesville, OK) for 3 
min. using the Mini-Beadbeater-16 (BioSpec Products, Bartlesville, OK). The homogenate was 
incubated at 65°C for 30 min., shaking at 550 rpm, followed by bead-beating for an additional 3 
min., and then incubated for an additional 30 min.. Samples were treated with the kit’s RNase for 
a total of one hour at 37°C. Remaining protein was removed using the kit’s MPC protein 
precipitation reagent and DNA was precipitated using 70% ethanol. DNA was resuspended in TE 
buffer and stored at -20°C. DNA concentration was measured using the Qubit dsDNA high 
sensitivity assay kit (Invitrogen, Waltham, MA) and purity was measured as the ratio of 
absorbance at 260 nm and 280 nm using a Nanodrop spectrophotomer (ThermoFisher Scientific, 
Waltham, MA). The average DNA concentration was 670 ng/μl ± 901 ng/μl and the average 




Metagenomic Sequencing and Analyses 
Metagenomic libraries were prepared for each ANG sample using the TruSeq Nano DNA 
library prep kit (Illumina, San Diego, CA) following manufacturer’s protocols. DNA was 
sheared for a 550 bp insert size using the S220 focused-ultrasonicator (Covaris, Woburn, MA). 
Sample PD13 (Table S1) was sequenced individually using the MiSeq reagent Nano kit v2 
(2x250 cycles) (Illumina, San Diego, CA), yielding 1,569,762 paired end raw reads. All other 
samples were pooled and sequenced together using the MiSeq reagent kit v2 (2x250 cycles) 
(Illumina, San Diego, CA), yielding an average of 7.0 ± 0.85 million paired end raw reads 
(Table S1). All samples were sequenced at the Center for Genome Innovation (CGI) at the 
University of Connecticut.  
Raw reads were quality filtered using Trimmomatic v.0.36 (121), removing any reads 
less than 36 bp, with the following arguments: “LEADING:3 TRAILING:3 
SLIDINGWINDOW:4:15 MINLEN:36”. Quality of reads was checked using FastQC v.0.11.7 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trimmed paired-end reads from 
each of the four metagenomes were either assembled individually or co-assembled with 
MEGAHIT v.1.1.2 (182) with a minimum contig length of 1,000 bp and all other default 
settings. Assembly statistics were reported using QUAST v.4.4 (183) (Table S2). Metagenome 
coverage was determined by mapping reads back to the assemblies using Bowtie2 v.2.3.1 (184) 
and using the mpileup utility of Samtools v.1.7 (185) to determine the total number of bases 
covered at a minimum coverage depth of 5x or higher. Breadth of coverage is reported as the 
percentage of number of bases covered by reads divided by the length of the metagenome 
assembly (Table S3). To screen for secondary metabolite biosynthetic genes, the ANG 
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metagenome co-assembly was analyzed with the command-line version of antiSMASH v.3.0 
(124). Taxonomy of the assembled contigs was assigned using Kraken v.1.0 (186). 
Individual sample metagenome assemblies were manually binned in the Anvi’o analysis 
platform v5.4 (187) based on contig taxonomy, read coverage, and percent genome completion 
and redundancy values. The metagenome co-assembly was binned using CONCOCT (188) in 
Anvi’o. Taxonomy of a bin was assigned based on the taxonomy of the majority of contigs. 
Metagenome assembled genomes (MAGs) were assessed in bins based on percent genome 
completion greater than 90% and percent contamination less than 10%, assessed using Anvi’o, 
and in accordance with the Minimum Information about a Metagenome-Assembled Genome 
(MIMAG) recommendations (189). Percent genome completion is based on the number of 
single-copy housekeeping genes present from the list provided by (190). The number of single-
copy housekeeping genes that were present in a bin more than once was used to calculate the 
percent redundancy and is used as an indicator that more than one genome may be present in a 
bin. MAGs were annotated with RAST (123) and screened for secondary metabolite biosynthetic 
genes using antiSMASH v5 (181)(191). 
 
Phylogenetic Analysis of Verrucomicrobia MAGs 
Pairwise average nucleotide identities (ANI) of the Verrucomicrobia MAGs were 
calculated using JSpeciesWS with BLAST+ v.2.2.29 (192) to determine if MAGs represented 
similar species. The two PD13 Verrucomicrobia MAGs were placed in a phylogenetic tree with 
39 Verrucomicrobia genomes available in Genbank. The tree was reconstructed from a 
concatenated alignment of amino acid alignments of five housekeeping genes (dnaA, dnaG, 
dnaN, fmt, rpsB) present in all genomes. Individual alignments were generated using MUSCLE 
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(126) with default parameters and concatenated in Geneious v.10 (Biomatters Inc., Newark, NJ). 
The best evolutionary model, LG+F+I+G4, was selected using ModelFinder (127) in the IQtree 
webserver (128). A maximum likelihood tree was constructed using IQtree v.1.6.5 (129) with 
1000 bootstraps (130). The tree was visualized using the Interactive Tree of Life (iTOL) v.4 
webserver (https://itol.embl.de/) (131). Kiritimatiella glycovorans L21-Fru-AB was selected as 
an outgroup due to sub-division five’s proposed reassignment to a novel sister phylum 
(193)(194).  
 
Metabolic model of Verrucomicrobia PD13 Bin 1 
Genes for different metabolic pathways were categorized using the SEED designations 
assigned in RAST (123). Some genes that were unassigned by RAST were manually assigned a 
category based on homology (percent amino acid similarity > 30%) to known proteins in the 
non-redundant NCBI database from a DIAMOND v.0.9.9 BLASTp analysis (195). Carbohydrate 
active enzymes were identified using the dbCAN meta server (http://bcb.unl.edu/dbCAN2/).  
 
Verrucomicrobia PD13 Bin 1 multi-copy gene trees  
Due to the high number of copies of sulfatases, arylsulfatases, and alpha-L-fucosidases 
located in the Verrucomicrobia PD13 Bin 1 genome, and the nature of this draft being a 
community-assembled genome, protein trees were created for each of these genes to compare 
their evolutionary relation. For each gene, amino acid sequences from other Verrucomicrobia 
genomes or distantly related organisms were retrieved from UniProt and aligned using MUSCLE 
(126) with default parameters. ModelFinder (127) in the IQtree webserver (128) was used to 
select the best evolutionary model for each alignment. The model Blosum62+F+R5 was selected 
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for the sulfatase alignment, Blosum62+F+R9 for the arylsulfatase alignment, and LG+F+R4 for 
the alpha-L-fucosidase alignment. Maximum likelihood trees were constructed using IQtree 
v.1.6.5 (129) with 1000 bootstraps (130). The trees were visualized using the Interactive Tree of 




MEGAHIT assemblies of the individual sample metagenomes ranged in size from 33.6 
Mbp up to 83.7 Mbp, while the co-assembly of all ANG samples had a total length of 228.5 Mbp 
(Table S2). Although sample PD13’s individual assembly had the smallest size (33.6 Mbp), it 
yielded the longest contig of 3,381,902 bp. The assemblies had a percent GC content that ranged 
from 55.4% – 57.5%. The individual assemblies had a high percent breadth of sequencing 
coverage, ranging from 85.8% up to 92% of the assembly being covered at 5x depth or higher 
(Table S3). In the co-assembly, the breadth of coverage from each sample ranged from 11.3% up 
to 44.87%, reflecting the varying number of reads from each sample used as input.  
Taxonomy was assigned to 35,592 of a total 63,844 contigs (55.75%) in the ANG 
metagenome co-assembly. Of these assigned contigs, 99.91% were bacterial, 0.04% archaeal, 
and 0.02% viral (Fig. 1A). Kraken uses the rule of lowest common ancestor to assign taxonomy, 
and thus 0.03% of contigs were assigned to “root,” meaning they were classified into multiple 
domains of life and could not be more specifically assigned. Focusing on just the bacterial 
assignments, contigs for all classes that were previously observed in E. scolopes ANGs (69)(72) 
were detected here. The majority of contigs (88.4%) were assigned to Proteobacteria, followed 
by Bacteroidetes (6.2%), Verrucomicrobia (1.8%), and Actinobacteria (1.3%) (Fig. 1A). The 
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other 25 phlya were at relative abundances below 1% (Fig 1A). Of the Proteobacteria, the most 
abundant classes were the Alphaproteobacteria (85.6%) and Gammaproteobacteria (10.4%) 
(Fig. 1B). As was previously seen by 16S rRNA gene sequencing and 454 shotgun 
metagenomics (69)(72), the community is dominated by the orders Rhodobacterales (63% of all 
contigs) and Rhizobiales (7.3% of all contigs) (Fig. 1C). 
 
Metagenome-assembled genomes (MAGs)  
 Binning of the ANG metagenome co-assembly with CONCOCT yielded a total of 61 
bins, with genome completion rates ranging from 0 – 98.6% (Fig. 2, Table S4). Only four bins 
(bins 17, 35, 40, 41) had a percent completion above 90%, and of those, three bins had a percent 
redundancy below 10%: Verrucomicrobia bin 34, Vibrio bin 40, and Alphaproteobacteria bin 41 
(Tables 1, S4). Overall 47.5% of bins were assigned to Alphaproteobacteria, 14.8% 
Gammaproteobacteria, 8.2% Flavobacteriia, 6.6% Verrucomicrobia, and 21.3% of bins could 
not be assigned to a taxa (Table S4).   
Since some co-assembly bins had high coverage from only one sample, it appeared that 
some MAGs would be better assembled from individual metagenome assemblies rather than the 
co-assembly. Because there is variability in the ANG community at the genus level (72), and 
likely at the strain level between females, and metagenome sequencing captures only a portion of 
the communities genes, combining samples that are not deeply re-sequenced in the assembly 
could introduce more strain variation that can make it difficult to pull out individual, complete 
MAGs (178). From the individual assemblies, six high quality MAGs were recovered, including 
3 Verrucomicrobia spp., 1 Erythrobacter sp., 1 Mesorhizobium sp., and 1 Vibrio sp. (Table 1). 
The 16S rRNA gene was recovered from five MAGs, and a nucleotide BLAST comparison 
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showed that Mesorhizobium E7 Bin 6 had 97% similarity to Mesorhizobium tamadayense, 
Verrucomicrobia co-assembly Bin 40 was 89% similar to Cephaloticoccus capnophilus, and 
Opitutae E7 Bin 10, Verrucomicrobia PD13 Bin 1, and Verrucomicrobia PD13 Bin 2 were all 
87-88% similar to Coraliomargarita akajimensis. The 23S rRNA gene was recovered from 
Opitutae E7 Bin 10 and Verrucomicrobia PD13 Bin 1, and both were 84% similar to an 
uncultured verrucomicrobium. Only the 5S rRNA gene was recovered from Vibrio E8 Bin 5 and 
Vibrio co-assembly Bin 40, and both were 100% similar to Vibrio parahaemolyticus MAVP-Q. 
There was still difficulty binning many of the contigs to the point where a bin could be identified 
below the class level, however some bins that did not have MAGs with high percent genome 
completion could be identified as Leisingera, Ruegeria, Rhizobium, and Muricauda genera 
(Table S5, Figures S1-S4).  
 
Secondary metabolite biosynthetic genes detected in the ANG metagenome co-assembly 
and MAGs  
 The ANG metagenome co-assembly was predicted to contain 255 secondary metabolite 
biosynthetic gene clusters (Fig. 3a, Table 2, Appendix III). Of these clusters, 25.1% were 
predicted to make homoserine lactones (HSLs), 17.3% bacteriocins, 15.7% terpenes, 10.2% 
nonribosomal peptide synthetases (NRPSs), 8.6% polyketide synthases (PKSs), 4.3% ectoines, 
3.5% aryl polyenes, 2.7% siderophores, 1.2% thiopeptides, 0.4% cyanobactins, 0.4% acyl amino 
acids, and 0.4% nucleosides (Table 2, Appendix III). Based on antiSMASH’s clusterblast 
analysis, 164 clusters were most similar to clusters from Alphaproteobacteria, 19 clusters to 
Flavobacteriia, 15 to Gammaproteobacteria, 4 to Bacilli, 3 to Actinobacteria, 3 to 
Betaproteobacteria, 2 to Cyanobacteria, 2 to Verrucomicrobia, 1 to Clostridia, 1 to 
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Deltaproteobacteria, and 41 clusters had no significant match. Comparing this to the Kraken 
taxonomy of the contigs, 146 clusters were found on Alphaproteobacteria contigs, 13 on 
Gammaproteobacteria, 10 Flavobacteriia, 6 Actinobacteria, 5 Betaproteobacteria, 2 Bacilli, 2 
unclassified bacteria, 2 unclassified Proteobacteria, 1 Chitinophagia, 1 Opitutae, 1 
Bacteroidetes, and 66 clusters were on contigs that did not receive a taxonomy identification.  
Nine of the terpene clusters had 100% of the genes share similarity to carotenoids from 
Rhodobacterales strains, including one match to a previously isolated ANG symbiont, 
Tateyamaria sp. ANG-S1 (103). Five terpene clusters had 28% of the genes share similarity with 
carotenoids from Flavobacteriales strains. One other terpene cluster had 75% of the genes share 
similarity with an astaxanthin dideoxyglycoside from a Sphingomonadales strain. Two aryl 
polyene clusters had 11% and 19% of genes share similarity to flexirubins from Flavobacteriales 
strains. Two other aryl polyene clusters had 15% and 85% of genes share similarity to aryl 
polyene carboxylic acids from Vibrionales and Xanthomonadles strains. One “other” cluster had 
20% of the genes share similarity to a siderophore, Scabichelin, from a Rhodobacterales strain. 
Thirteen genomes from ANG symbiont isolates have previously been sequenced 
(196)(103)(85) and 69 of the predicted metagenome clusters are homologous to clusters in 
twelve of these genomes (Appendix III). Homologous clusters included 24 HSLs, 15 
bacteriocins, 6 siderophores, 6 “others”, 5 ectoines, 5 T1-PKSs, 3 terpenes, 3 thiopeptides, and 1 
NRPS. These clusters were homologous to Leisingera spp. ANG1, ANG-DT, ANG-M1, ANG-
M6, ANG-M7, ANG-S, ANG-S3, ANG-S5, ANG-Vp; Ruegeria spp. ANG-R, ANG-S4; and 
Tateyamaria sp. ANG-S1. The greatest number of clusters was homologous to Ruegeria sp. 
ANG-R (5 HSLs, 3 ectoines, 2 bacteriocins, 2 terpenes, 1 thiopeptide), followed by Ruegeria sp. 
ANG-S4 (7 HSLs, 2 bacteriocins, 1 NRPS, 1 thiopeptide, 1 other).  
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 The predicted secondary metabolite gene clusters in the MAGs had similar results to the 
overall metagenome co-assembly (Fig. 3b, Table S6). Alphaproteobacteria co-assembly bin 41 
had 11 predicted clusters (3 HSLs, 3 bacteriocins, 1 bacteriocin-lanthipeptide, 1 terpene, 1 
ectoine 1 betalactone, 1 NRPS-T1PKS). Erythrobacter E7 bin 3 had 2 clusters (1 bacteriocin, 1 
terpene). Mesorhizobium E7 bin 6 had 4 clusters (2 HSLs, 1 NRPS, 1 terpene). The Opitutae/ 
Verrucomicrobia MAGs had 2 to 4 predicted clusters, including NRPS, NRPS-like, and “other” 
type clusters. The Vibrio MAGs had 4 and 6 clusters, including NRPSs, betalactones, aryl 
polyenes, and bacteriocins.  
 
Verrucomicrobia PD13 Bin 1 Metabolic Model 
 The Verrucomicrobia are the second most dominant community member in the ANG, but 
due to difficulty getting this isolate into culture, very little is known about its metabolism in E. 
scolopes. ANI analysis revealed that Verrucomicrobia PD13 bin 1 and Verrucomicrobia co-
assembly bin 35 are highly similar (ANI > 99%) and are likely the same species (Table S7). 
Verrucomicrobia PD13 bin 2 and Opitutae E7 bin 10 shared 85% ANI similarity, but are below 
the species level cutoff (ANI > 95%) (Table S7). All other MAG pairwise comparisons were less 
similar (70-71% ANI), indicating that the Verrucomicrobia MAGs may represent three different 
species. Of the Verrucomicrobia MAGs, PD13 bin 1 was the most contiguous (4 contigs), had a 
high percent genome completion (96.4%), low redundancy of single-copy house-keeping genes 
(1.4%), and had both the 16S and 23S rRNA genes. For these reasons, this MAG was chosen for 
further genomic analyses.  
Verrucomicrobia PD13 bin 1 had 4,095 coding sequences, with 2,090 of those predicted 
to be hypothetical proteins. 57 tRNAs were present in the genome for all 20 proteinogenic amino 
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acids. Of the key cell division proteins, genes were detected for ftsZ (Z-ring), ftsA (assists in Z-
ring assembly), ftsH (zinc metallopeptidase), ftsW (peptidoglycan polymerase), ftsQ (may link 
cytoplasmic/periplasmic division proteins), ftsX (ABC transporter involved in septal ring 
formation), and ftsY (involved in targeting/insertion of nascent membrane proteins). Cell division 
genes that were not detected in the assembly include the activator of septal peptidoglycan 
synthesis (ftsN), the DNA translocase (ftsK), and the membrane subcomplex proteins, ftsBL 
(197). The chromosomal replication initiator protein, dnaA, and partitioning proteins, smc and 
parAB, were present. The rod-shape determining proteins, mreBC, were detected along with 
peptidoglycan synthetases, binding proteins, and glycosyltransferases.  
Motility and chemotaxis genes were predicted in the Verrucomicrobia PD13 bin 1 MAG. 
Of the 21 core flagellar biosynthesis genes (198), 13 genes were present, including fliC (main 
filament protein), fliD (filament cap), flgE (hook), flgG (distal rod), flgB (proximal rod), flhAB / 
fliIPQR (export apparatus), and motAB (motor). In addition to the core genes, several other 
flagellar genes were present: flgD (hook-capping protein), flgH (L-ring), flgI (P-ring), and flbT 
(biosynthesis repressor). The chemotaxis genes, cheBDRX, were present, suggesting that this 
strain can respond to chemoattractants. In addition to flagellar genes, four copies each of the 
twitching motility proteins, pilBT, and one copy of pilC, were present. These genes are involved 
in assembly of the type IV pilus, which can be utilized in twitching motility, biofilm formation, 
surface attachment, or natural transformation.  
The PD13 bin 1 MAG had 139 transport-related genes, making up 3.4% of all genes (Fig. 
4). Of the transport genes, 58 were ABC transporters, including 13 gene copies for components 
of the antimicrobial peptide transport system, five efflux transporters, oligopeptide transporters 
(oppABCDF), and the periplasmic substrate-binding component (dppD) of the dipeptide 
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transporters. Other ABC transport genes included transporters for ferric iron, molybdenum, 
nitrate, sulfonate, nickel, bicarbonate, phospholipids, vitamin B12 (btuF), and ribose (rbsABC). 
The other transport-related genes included gliding motility-associated transport genes, gldAF; 
permeases for sulfate, fucose, acetate (actP), phosphate (pstAC/phoU); transporters for sialic 
acid, ammonium, biopolymers (exbD/tolR), N-acetylglucosamine (nagX), ferrous iron, maltose 
(malT), xyloside (xynT), lysophospholipid (lplT), galactose, mannose, and cations; and 
symporters for L-rhamnose, glucose, choline, sulfate, and sodium/solutes. Exporters were 
present for lysine (lysE/yggA), magnesium and cobalt (corC), potassium (kefA), proteins (secA), 
and RND multidrug efflux systems. Other transport systems included TonB-dependent 
transporters, TRAP-type transporters (for C4-dicarboxylate), and the twin-arginine translocation 
proteins, tatAC.  
An analysis using the carbohydrate-active enzyme (CAZy) database assigned 302 genes 
as members of 68 glycoside hydrolase (GH) families, making up 7.4% of all genes in the genome 
(Fig. 4, Table S8). The most abundant GH families included the alpha-N-
acetylgalactosaminidases (GH109), alpha-L-fucosidases (GH29), beta-galactosidases (GH2), 
alpha-1,3-L-neogarooligosaccharide hydrolases (GH117), beta-glucanase precursors (GH16), 
sialidases (GH33), endo-1,4-beta-xylanase (GH10), and beta-agarases (GH50). With the 
exception of GH2, 36% to 81% of the genes in these GH families had signal peptides, suggesting 
they are secreted to utilize environmental carbon sources. The enrichment in these GH families 
suggests a preference for the utilization of mucin glycoproteins and plant, in particular algal, 
polysaccharides. N-acetylgalactosamine is one of the core glycans in mucins, and alpha-N-
acetylgalactosaminidases can cleave these glycans from the serine/threonine amino acids of the 
mucin backbone (199). Fucosidases of the GH29 and GH95 families can cleave fucose from O-
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glycosidic chains linked to galactose or N-acetyl-glucosamine in mucins (200). The 
neuraminidases and sialidases of the GH33 family can cleave sialic acid from the non-reducing 
ends of mucin oligosaccharides, usually constituting the first step of mucin degradation (200). 
The PD13 Bin 1 MAG also possesses sialic acid transporters and sialic acid 9-O-acetylesterases, 
which can transport sialic acid into the cell and remove the O-acetyl ester groups. The MAG also 
has genes to import cleaved fucose via fucose permeases and begin transforming this carbon 
source via a L-fucose-isomerase, L-fucose kinase, and L-fucose mutarotase. Although mucin 
utilization via glycosyl hydrolases (in particular GH95 genes) has been best described in 
Bifidobacterium (201), it has also been associated with Verrucomicrobia, such as the human gut 
symbiont, Akkermansia muciniphila (202)(203). 
Sulfate can also be present on mucins, and although not categorized by CAZy because 
they do not act on glycosidic bonds, sulfatases can play an important role in mucin utilization. 
The PD13 Bin 1 MAG had 255 sulfatases (Fig. 4), 184 of which are arylsulfatases, which can act 
on sulfated mucin glycans. The assimilative sulfate reduction genes were also present, such as 
sulfate permeases (brings sulfate into the cells), sulfate adenylyltransferases (converts sulfate to 
adenylylsulfate [APS]), adenylylsulfate kinase (converts APS to 3’-phosphoadenylylsulfate 
[PAPS]), phosphoadenylyl-sulfate reductase (converts PAPS to sulfite), and sulfite reductases 
(converts sulfite to hydrogen sulfide). The hydrogen sulfide produced in this pathway can be 
utilized to produce cysteine, as a cysteine synthase gene was detected.  
Due to the high number of sulfatases, arylsulfatases, and alpha-L-fucosidases in the PD13 
Bin 1 genome, single gene trees were constructed based on amino acid alignments with other 
bacterial and non-bacterial copies of these genes (Fig. S5-S7). Although many of these gene 
copies are related to other copies in the genome, and similar genes in other Verrucomicrobia 
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genomes, no two genes appear to be duplicates of each other. Due to the metagenomic source of 
this MAG, however, it cannot be ruled out that this high copy number is due to presence of 
contigs from multiple strains in this bin.  
 
Phylogenetic placement of Verrucomicrobia PD13 Bin 1 and assignment as a member of the 
Puniceicoccales 
 Placement of Verrucomicrobia MAGs PD13 Bin 1 and Bin 2 in a phylogenetic tree with 
39 other Verrucomicrobia genomes, based on five housekeeping genes, revealed that these 
strains did form a branch together within the Puniceicoccales (Fig. 5). This order is a member of 
the Opitutae class and sub-division 4 of the Verrucomicrobia phylum. Although the 16S rRNA 
genes for both of these MAGs were most similar to Coraliomargarita akajimensis, the 
Coraliomargarita genomes formed a separate sister branch within this sub-division. The closest 
relatives to the PD13 MAGs were Puniceicoccales bacterium Verruco_01 and ‘Candidatus 
Moanabacter tarae TARA’ strain B10000123. The Puniceicoccales Verruco_01 genome was 
assembled from a pool of 6 metagenomes of anaerobic cellulose-degrading digesters 
(BioSample: SAMN03837578). The genome size is 2.5 Mb with 63% GC content. The ‘Ca. M. 
tarae’ genome was assembled from the Tara Oceans Consortium’s metagenomic sequencing of 
epipelagic water surrounding the Marquesas Islands in the Pacific Ocean (204). This strain has a 
genome size of 2.6 Mb, 46% GC content, and the 16S rRNA gene was similar to marine 
sediment Verrucomicrobia. Other Puniceicoccaceae MAGs have been assembled from Russian 
soda lake metagenomes (BioProject: PRJNA434545) and Mediterranean Sea metagenomes 
(BioProject: PRJNA352798). The closest cultured relative to the E. scolopes MAGs is 
Coraliomargarita sinensis WN38, which was isolated from a marine solar saltern in Weihai, 
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China (205). This strain is a non-motile obligate anaerobe with a genome size of 3.2 Mb and 54.7 
mol% GC content.  
 The E. scolopes PD13 MAGs fall within a branch that is dominated by genomes from 
environmental sources (Fig. 5). The majority of the Coraliomargarita strains and “Ca. M. tarae” 
strain are from marine seawater or sediment samples. Since the ANG symbionts are horizontally 
acquired, these Verrucomicrobia strains would also need to be adapted to a free-living lifestyle, 
fitting with their placement amongst other free-living marine Opitutae strains. Overall, there was 
no strict clustering of environmental versus host-associated strains in the tree (Fig. 5), although 
there is clustering among strains isolated from the same host, such as the Opitutaeae bacteria 
TAV1, TAV2, TAV3, and TAV5 from termite hindguts, and Cephaloticoccus primus CAG34 
and Cephaloticoccus capnophilus CV41 from Cephalotes ants.  
 
Discussion 
Metagenome binning and Verrucomicrobia MAGs 
 From binning ANG metagenomes, nine high-quality MAGs were assembled, eight of 
which represent genomes from ANG bacterial taxa that have not yet been sequenced. Although 
the majority of Alphaproteobacteria bins could not be resolved to MAGs, one Erythrobacter bin 
and one Mesorhizobium bin were assembled. These genomes are still highly fragmented, with 
4,424 Erythrobacter contigs and 97 Mesorhizobium contigs, but they are of particular interest 
because they represent two new genomes from the ANG community. The Verrucomicrobia 
MAGs are also of high interest since no members of this phylum have been cultured from the 
ANG, yet it is the second most abundant member of the community. Although also fragmented 
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to varying degrees (4 up to 483 contigs), these genomes add to the growing availability of all 
Verrucomicrobia genomes—a group that has been traditionally difficult to culture in labs (193). 
The Verrucomicrobia are ubiquitous in terrestrial and aquatic environments (206) but 
little is known about their ecological roles. Of 517 water samples collected from all oceans, 
Verrucomicrobia were present in 98% of samples and average 2% of the water column and 1.4% 
of sediment communities (206). They can be found in a wide range of conditions, from 
freshwater to marine, strict aerobes to anaerobes. They have a wide variety of lifestyles, from 
intracellular symbionts to free-living, motile or non-motile, and vary in genome size. In aquatic 
environments, they are more abundant in shallow coastal and brackish waters, and may be more 
frequently associated with particles (based on filtering methods before sequencing) (206). 
The Verrucomicrobia were first described as a new division, and Verrucomicrobiae a 
new class, from the Prosethecobacter and Verrucomicrobium genera in 1997 (207). Currently, 
the Verrucomicrobia belong to the Planctomyces/ Verrucomicrobia/ Chlamydiae (PVC) 
superphylum, which also includes the Lentisphaerae and Poribacteria (104)(208). This division 
was initially divided into five sub-divisions by Hugenholtz et al. (209), but two more sub-
divisions were later introduced: subdivision 6 (represented by one 16S rRNA gene 
sequence)(210) and sub-division 7 (represented by the Methylacidiphilum spp. isolated from 
volcanic pools)(211). Sub-divisions 1 (Verrucomicrobiae) and 4 (Opitutae) dominate marine 
environments, while subdivisions 2 (Spartobacteria) and 3 (Opitutae) are more frequent in soil 
communities (206). Sub-division 5 includes one genus, Kiritimatiella, and has recently been 
proposed as a novel phylum, Kiritimatiellaeota (193). The Puniceicoccales order, Puniceicoccus 
genus, and Opitutae class, to which the PD13 Bin 1 and Bin 2 MAGs were assigned, were first 
described by Hugenholtz et al. (212). The type strain, Puniceicoccus vermicola IMCC1545T, is a 
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non-motile, facultative anaerobe, isolated from the gut of a marine clamworm, Periserrula 
leucophyrna, from a tidal flat in the Yellow Sea. Although no genome has been sequenced yet, 
the GC content was chemically analyzed to be 52.1 mol% (212). This strain was found to 
produce carotenoid pigments with absorbance peaks at 320 nm and 480 nm. No carotenoid 
biosynthesis genes were detected in the E. scolopes MAGs. Unlike the type strain, the PD13 Bin 
1 MAG does have the majority of flagellar biosynthesis genes and may be motile.  
The larger genome sizes of some Verrucomicrobia have been associated with the 
metabolic potential to utilize many different carbon sources. The PD13 Bin 1 and Bin 2 MAGs 
have larger genomes than most Opitutae (5.1 Mb and 4.16 Mb respectively, compared to the 2.5 
Mb genome of Puniceicoccales bacterium Verruco_01 or 3.2 Mb of Coraliomargarita sinensis). 
However, other Puniceicoccales MAGs from freshwater reservoir metagenomes also had 
genome sizes ranging from 1.3 Mb up to 5.69 Mb (213). Many Verrucomicrobia genomes have 
high numbers of glycoside hydrolases, and it has been suggested they play a role in 
polysaccharide degradation in freshwater ecosystems (194). The GH95 (mannosyl-
oligosaccharide alpha-1,2-mannosidase) and GH2 (beta-galactosidase) family genes that were 
abundant in the PD13 Bin 1 MAG were also very abundant in freshwater lake Verrucomicrobia 
MAGs (194). GH family genes made up 0.4% - 4.9% of these freshwater MAGs, and sulfatases 
also made up a significant portion of the genome for some, ranging from less than 0.5% up to 3% 
of all genes. In the PD13 Bin 1 MAG, GH genes made up the highest percentage of all genes 
(7.4%), with sulfatases following close behind at 6.3% of the genome (Fig. 4). A higher number 
of sulfatases can be expected for the E. scolopes MAGs due to their presence in a marine 
environment where more sulfate would be present, which is seen in other marine or hyper saline 
Verrucomicrobia (193). RNA-sequencing of the ANG environment will reveal which of the 
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carbohydrate metabolism pathways are expressed in the host and may provide clues for the best 
lab culture conditions.  
 
Secondary metabolite genes in the ANG metagenome 
The antiSMASH analysis of the ANG co-assembly predicted 255 secondary metabolite 
biosynthetic gene clusters from 18 classes. These included, in order of abundance, homoserine 
lactones, bacteriocins, terpenes, NRPSs, PKSs, ectoines, aryl polyenes, siderophores, 
thiopeptides, and a cyanobactin and nucleoside clusters. While seven of these classes have been 
detected in Alphaproteobacteria ANG isolate genomes previously (103)(85), they were 
identified in a wider range of bacteria in the ANG metagenome. Sixty-nine of the metagenome 
clusters were homologous to clusters in all of the ANG isolate genomes. Outside of the 
Alphaproteoabacteria, 19 clusters had similarity to clusters in Flavobaccteriia, 15 clusters were 
similar to Gammaproteobacteria, 3 to Betaproteobacteria, and 2 to Verrucomicrobia. Other 
clusters had similarity to bacteria not previously reported in ANG communities (Cyanobacteria, 
Actinobacteria, Bacilli, and Deltaproteobacteria), however it is possible that these clusters have 
not yet been described in any of the bacteria that make up the ANG community. It is also 
possible that some clusters may be horizontally acquired. For example, a cyanobacteria tunicate 
symbiont, Synechocystis trididemni, is believed to have horizontally acquired biosynthesis genes 
for the cyclic peptide, didemnin, as its gene cluster was reported in the Alphaproteobacteria, 
Tistrella mobilis and Tistrella bauzanensis (31). Future analyses could determine if transposable 
elements flank these clusters as evidence of horizontal transmission. 
Of the known clusters that were predicted, nine terpene clusters had 100% similarity to 
carotenoids in Alphaproteobacteria and Flavobacteriia. These clusters were expected because 
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the orange-red coloration of the ANG tissue was previously reported to originate from bacterial 
carotenoids (74). Only six other clusters had matches to other known clusters, including four aryl 
polyenes, which were found to be the most widespread and abundant class of secondary 
metabolites in 1,154 publicly available bacterial genomes (214). It is not surprising that the 
majority of clusters did not have known structures, as that same study of publicly available 
genomes also could not identify a known structure for the majority of their 33,351 putative 
biosynthetic gene clusters (214). These unknowns make the ANG bacterial community a 
promising source of novel secondary metabolites. Coupling genome mining with analyses of 
chemical extracts will hopefully characterize these unidentified structures.  
Additional metagenomic sequencing with long-read sequencing could help disambiguate 
some of the predicted clusters. 55.7% of the predicted clusters were either at the edge of a contig 
or encompassed the entire contig. Due to the repetitive domains that characterize a number of 
these biosynthetic enzymes, such as in the NRPSs/PKSs, short reads can cause assemblers to 
misassemble or fragment these clusters. The addition of longer reads could increase the number 
of predicted clusters or produce complete biosynthetic gene clusters, as has been demonstrated in 











Figure 1. Taxonomy of ANG metagenome co-assembly contigs. (A) Relative abundances of 
bacteria at the phylum level. Viruses remain at the domain level. Root indicates contigs that 
matched to multiple domains. (B) Relative abundance of classes in the Proteobacteria phylum. 






Figure 2. ANG metagenome co-assembly CONCOCT bins. Each leaf in the dendrogram 
represents a bin. Working outward, length is the total bin length in Mbp, GC-content is the 
average percent of GC bps in the bin, gray E16/E7/E8/PD13 bars represent the coverage of each 
sample’s reads mapped to the bin’s contigs, completion is the percent of single-copy 
housekeeping genes present in the bin, redundancy is the percent of single-copy housekeeping 
genes that were present in a bin more than once, bin name, source: all contigs were automatically 





Figure 3. Predicted secondary metabolite biosynthetic genes in the ANG metagenome co-
assembly and MAGs. (A) Secondary metabolite biosynthetic gene clusters predicted by 
antiSMASH v.3.0 in the ANG metagenome co-assembly. (B) Clusters predicted by antiSMASH 
v.5.0 in the Alphaproteobacteria, Erythrobacter, Mesorhizobium, Opitutae, Verrucomicrobia, 






Figure 4. Percent of genes in different SEED categories for Verrucomicrobia PD13 Bin 1 
MAG. Number of genes in each SEED category is predicted by RAST. Number of glycoside 
hydrolases (indicated by the *) is predicted by dbCAN. Number of sulfatases was manually 




















Figure 5. Verrucomicrobia maximum-likelihood phylogenetic tree. Phylogenetic analysis was performed with 5 single-copy, 
housekeeping genes. PD13 Bin 1/Bin 2 MAGs (bold) fall within the Puniceicoccales. Isolate/MAG isolation source indicated by blue 






Table 1. Metagenome-assembled genome (MAG) statistics 


































2 4.16 131 98.6 0 57.2 




5 4.91 151 100 5 44.77 
Vibrio Coassembly 40 5.2 223 98.6 6.5 44.49 
 
 





Class of top homologous hit 


















Cyanobactin 1 No significant ClusterBlast hits found 
Ectoine 11 Alphaproteobacteria 
Homoserine lactone 
53 Alphaproteobacteria 
9 No significant ClusterBlast hits found 
1 Betaproteobacteria 
1 Gammaproteobacteria 











Nucleoside 1 Actinobacteria 
Other 
14 Alphaproteobacteria 







1 No significant ClusterBlast hits found 
T1PKS 








1 No significant ClusterBlast hits found 




1 No significant ClusterBlast hits found 
Thiopeptide 3 Alphaproteobacteria 





























Supplemental Figure S5. Maximum-likelihood protein tree of alpha-L-fucosidase genes in 







Supplemental Figure S6. Maximum-likelihood protein tree of sulfatase genes in 






Supplemental Figure S7. Maximum-likelihood protein tree of arylsulfatase genes in 
























PD13 31 2,020 1.88 1,569,762 1,552,904 
E7 26 274 1.92 6,069,860 5,945,198 
E8 25 200 1.92 7,337,052 7,212,224 














PD13 22780 33,555,507 3,381,902 7,349 57.17 
E7 12619 83,670,993 439,779 9,718 57.46 
E8 16589 73,898,804 1,456,288 29,109 56 
E16 11947 77,962,384 555,804 8,990 55.41 












Total number of 









91.29 30,856,129 33,555,507 91.96 
E7 E7 individual 76.9 109,159,940 127,233,802 85.79 
E8 E8 individual 92.39 64,983,039 73,898,804 87.94 
E16 E16 individual 84.92 69,832,694 77,962,384 89.57 
PD13 Coassembly 87.2 25,828,646 228,541,819 11.30 
E7 Coassembly 87.86 102,556,581 228,541,819 44.87 
E8 Coassembly 95.93 63,887,167 228,541,819 27.95 

















1 12.5 6852 0 0 59.78 Alphaproteobacteria 
2 9.68 6375 0 0 58.1 Alphaproteobacteria 
3 9.84 5626 0 0 58.94 Alphaproteobacteria 
4 4.88 3171 71.9 41.7 57.68 Alphaproteobacteria 
5 5.11 2712 45.3 37.4 63.45 Leisingera 
6 3.53 2335 74.8 16.5 46.26 Vibrio 
7 4.63 2148 85.6 16.5 63.44 Opitutus 
8 4.02 2121 85.6 15.8 42.39 Muricauda 
9 3.28 2106 62.6 15.8 41.72 Flavobacteriia 
10 10.75 1988 0 0 62.13 Leisingera 
11 6.59 1672 67.6 47.5 56.19 Ruegeria 
12 5.86 1485 87.1 40.3 48.53 Gammaproteobacteria 
13 2.11 1408 58.3 29.5 50.19 Alphaproteobacteria 
14 2.03 1370 39.6 12.9 50.32 Gammaproteobacteria 
15 2.11 1366 20.8 1.4 63.91 Opitutaceae 
16 2.4 1325 28.8 10.1 61.95 Leisingera 
17 8.24 1270 97.1 79.9 42.75 Muricauda 
18 19.94 1038 0 0 57.25 Alphaproteobacteria 
19 2.01 1172 14.4 0.7 63.43 Leisingera 
20 3.17 1140 64 19.4 52.76 None 
21 13.29 969 0 0 57.24 Alphaproteobacteria 
22 3.26 1053 36 2.9 61.61 Ruegeria 
23 4.24 1044 48.2 13.7 56.33 Ruegeria 
24 1.75 1022 18.7 4.3 63.06 Leisingera 
25 1.38 973 16.5 4.3 55.93 Phaeobacter 
26 17.24 577 0 0 54.39 Phaeobacter 
27 3.34 875 42.4 1.4 53.19 None 
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28 7.67 823 85.6 40.3 53.19 Leisingera 
29 7.67 809 85.6 32.4 58.97 Ruegeria 
30 3.67 809 43.9 2.2 53.25 Gammaproteobacteria 
31 1.02 740 24.5 0.7 59.38 Verrucomicrobia 
32 4.09 700 84.2 2.9 49.6 Gammaproteobacteria 
33 1.07 661 2.4 0 60.04 Leisingera 
34 1.6 638 33.1 9.4 55.83 Ruegeria 
35 4.6 483 91.4 2.2 52.93 Verrucomicrobia 
36 3.87 573 83.5 2.2 39.77 Muricauda 
37 6.22 443 88.5 23 57.43 Alphaproteobacteria 
38 2.61 439 89.2 4.3 63.97 Erythrobacter 
39 0.653 417 22.3 2.2 64.74 Alterythrobacter 
40 5.2 223 98.6 6.5 44.49 Vibrio 
41 5.89 93 92.8 4.3 58.54 Alphaproteobacteria 
42 3.94 100 66.9 0 56.28 None 
43 0.202 145 18.7 3.6 64.25 None 
44 0.152 60 2.5 0 41.03 Vibrio 
45 0.097 60 0 0 60.81 Alphaproteobacteria 
46 0.087 58 1.8 0 52.4 None 
47 0.087 52 0 0 61.38 Alphaproteobacteria 
48 0.092 29 0 0 51.23 Gammaproteobacteria 
49 0.031 25 0 0 61.02 Alphaproteobacteria 
50 0.033 23 0 0 63.78 None 
51 0.04 22 0 0 65.97 None 
52 0.031 21 0 0 51.77 None 
53 0.022 16 0 0 67.79 Alphaproteobacteria 
54 0.022 16 0 0 51.84 None 
55 0.02 15 3.6 0.7 53.99 None 
56 0.014 10 0 0 61.93 None 
57 0.016 9 0 0 57.86 Alphaproteobacteria 
58 0.005 4 0 0 69.05 None 
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59 0.001 1 0 0 55.97 None 
60 0.001 1 0 0 36.02 Lutibacter 





Table S5. Individual ANG metagenome assembly manual bins 





















1 20 3,430 0 0 62.38 Leisingera 
2 1.96 716 60.4 7.9 62.88 Opitutae 
3 2.78 424 97.1 6.5 64.09 Erythrobacter 
4 10.5 9,478 0 0 61.52 Alphaproteobacteria 
5 9.37 917 0 0 58.29 Alphaproteobacteria 
6 4.82 97 99.3 1.4 56.34 Mesorhizobium 
7 8.9 1,436 77 64.7 58.07 Alphaproteobacteria 
8 4.99 919 96.4 27.3 40.78 Muricauda 
9 5.5 1,299 71.2 39.6 48.7 Gammaproteobacteria 
10 4 45 97.8 0.7 56.34 Opitutae 











1 4.56 634 30.2 10.1 53.11 Verrucomicrobia 
2 2.2 346 2.5 0 50.65 Gammaproteobacteria 
3 2.2 413 64.7 26.6 53.96 Gammaproteobacteria 
4 2.26 678 46.8 0.7 50.22 Gammaproteobacteria 
5 4.91 151 100 5 44.77 Vibrio 
6 4.72 830 72.7 2.2 62.26 Leisingera 
7 3.32 14 56.8 0 62.81 Ruegeria 
8 5.82 173 94.2 39.6 60.24 Ruegeria 
9 2.8 572 31.7 0.7 57.75 Alphaproteobacteria 
10 5.25 218 76.3 28.1 57.78 Alphaproteobacteria 
11 6.4 812 32.4 12.2 54.51 Alphaproteobacteria 











l 1 11.7 1,065 0 0 57.71 Alphaproteobacteria 
2 4.96 875 75.5 30.2 58.38 Alphaproteobacteria 
3 4.73 216 75.5 0.7 60.69 Alphaproteobacteria 
4 4.81 1,156 52.5 25.9 60.18 Alphaproteobacteria 
5 5.35 1,212 81.3 33.1 61.69 Alphaproteobacteria 
129 
 
6 2.25 705 36 0.7 63.45 Opitutae 
7 7.91 1,202 87.1 40.3 63.02 Leisingera 
8 9.6 1,542 7.2 4.8 42.58 None 
9 12.3 1,183 0 0 53 None 
10 3.98 1,136 83.5 36.7 49.25 None 













1 5.1 4 96.4 1.4 52.5 Verrucomicrobia 
2 4.16 131 98.6 0 57.2 Verrucomicrobia 
3 0.54 161 2.2 0 50.9 None 
4 13 3,125 0 0 63.3 Alphaproteobacteria 
5 2.21 1,208 51.1 11.5 56.7 Alphaproteobacteria 



















































27 NA NA 
NRPS-
T1PKS 
46 1 15,573 
Ramlibacter sp. 
Leaf400 
8 NA NA 
betalactone 82 11,372 38,805 
Oceanicella actignis 
DSM 24423 
15 NA NA 
HSl 82 167,411 188,295 
Cribrihabitans 
marinus DSM29340 
63 NA NA 
Ectoine 85 1 6,645 
Ruegeria atlantica 
CECT 4292 
75 NA NA 
terpene 86 16,950 37,726 
Ruegeria pomeroyi 
DSS-3 
85 NA NA 




13 NA NA 
bacteriocin 86 560,173 570,160 
Phaeobacter sp. 
CECT 7735 
78 NA NA 
bacteriocin 86 600,758 611,099 
Pelagibaca abyssi 
JLT2014 
4 NA NA 
HSL 89 11,493 32,230 
Ruegeria profundi 
ZGT108 
83 NA NA 




75 NA NA 
bacteriocin 54 3,377 14,213 
Erythrobacter sp. 
AP23 
















E7 Bin 6 
terpene 44 1 15,861 
Mesorhizobium sp. 
LC103 
65 NA NA 
NRPS 56 35,211 61,412 
Tistrella mobilis 
KA081020-065 
25 NA NA 




68 NA NA 
HSL 91 16,758 37,447 
Paramesorhizobium 
deserti A-3-E 
20 NA NA 
Opitutae 
E7 Bin 10 
Other 4 16,761 57,453 
Verrucomicrobium sp. 
BvORR106 
7 NA NA 
NRPS 5 53,045 98,906 
Bradyrhizobium sp. 
BR10245 














NRPS-like 3 550,940 591,575 
Pseudomonas putida 
F1 
10 NA NA 




5 NA NA 
NRPS 3 1,588,693 1,642,687 
Streptomyces sp. 
ScaeMP-e83 
3 NA NA 
NRPS-like 3 2,667,171 2,709,030 
Synechococcus sp. 
PCC 7336 




NRPS 46 23,461 51,798 
Lysobacter gummosus 
3.2.11 
16 NA NA 
Other 56 19,311 60,003 
Verrucomicrobium sp. 
BvORR106 














NRPS-like 110 1 30,332 
Kutzneria albida 
DSM 43870 
2 NA NA 
NRPS-like 174 1 2,661 
Synechococcus sp. 
PCC 7336 
2 NA NA 
NRPS 179 1 30,429 
Streptomyces sp. 
ScaeMP-e83 
3 NA NA 
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NRPS 420 1 2,712 
Myxococcus virescens 
DSM 2260 










 NRPS 37 1 12,065 
Vibrio tubiashii 
ATCC19109 
23 cupriachelin 11 
betalactone 49 77,355 99,876 
Vibrio litoralis DSM 
17657 
24 NA NA 
arylpolyene 99 7,903 51,489 
Vibrio europaeus PP-
638 
92 APE Vf 90 
bacteriocin 104 14,690 25,547 
Vibrio europaeus PP-
638 












bacteriocin 64 71,723 82,580 
Vibrio europaeus PP-
638 
100 NA NA 
NRPS 67 1 12,064 
Vibrio tubiashii 
ATCC19109 
23 Cupriachelin 11 
NRPS 112 1 3,765 Nitrospira sp. Nsp13 100 NA NA 
NRPS 169 1 6,463 
Vibrio coralliilyticus 
P1 
9 NA NA 
betalactone 176 192 22,232 
Vibrio litoralis DSM 
17657 
24 NA NA 
arylpolyene 184 7,904 51,490 
Vibrio europaeus PP-
638 




Table S7. ANI analysis of Verrucomicrobia MAGs 
 
 Verrucomicrobia 
PD13 Bin 1 
Verrucomicrobia 
PD13 Bin 2 
Opitutae  
E7 bin 10 
Verrucomicrobia 
CO bin 35 
Verrucomicrobia 
PD13 Bin1 
* 70.85 70.48 99.52 
Verrucomicrobia 
PD13 Bin 2 
71.04 * 85.88 71.16 
Opitutae E7 bin 10 70.71 85.99 * 70.81 
Verrucomicrobia 
CO bin 35 
99.9 71.2 70.83 * 












AA2 1 Catalase-peroxidase 0 
AA3 1 Glucose-methanol-choline (GMC) oxidoreductase 0 
AA7 2 Glucooligosaccharide oxidase 0 
CBM32 3 N-acetylgalactosamine 6-sulfate sulfatase 3 
CBM38 3 Inulin binding/ iduronate-2-sulfatase 2 
CBM4 1 
Xylan/ β-1,3-glucan/ β-1,3-1,4-glucan/ β-1,6-glucan/amorphous 
cellulose binding 
1 
CBM47 3 Fucose binding / membrane-bound dehydrogenase 2 
CBM48 1 1,4-alpha-glucan (glycogen) branching enzyme 0 
CBM50 1 Peptidoglycan binding 1 
CBM51 4 Galactose binding 4 
CBM6 2 
Cellulose/ β-1,4-xylan/ β-1,3-glucan/ β-1,3-1,4-glucan/ β-1,4-
glucan binding 
2 
CBM67 6 Alpha-L-rhamnosidase 5 
CBM9 1 Xylan binding 0 
CE0 1 Carbohydrate sulfatase 1 
CE1 6 Endo-1,4-beta-xylanase 2 
CE10 14 Acetyl esterase / lipase 11 
CE11 1 UDP-3-0-acyl N-acetylglucosamine deacetylase 0 
CE12 1 L-glyceraldehyde 3-phosphate reductase 0 
CE15 3 Acetylxylan esterase 1 
CE16 1 Acetylxylan esterase 0 
CE2 1 GDSL-like lipase/acylhydrolase domain protein 1 
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CE3 4 Arylesterase 2 
CE4 2 Polysaccharide deacetylase family protein 1 
CE6 2 Glycerophosphoryl diester phosphodiesterase 1 
GH82 1 Ι-carrageenase 1 
GH0 3 Myo-inositol 2-dehydrogenase 1 
GH10 10 endo-1,4-β-xylanase 7 
GH101 1 endo-α-N-acetylgalactosaminidase 0 
GH106 2 α-L-rhamnosidase/ rhamnogalacturonan α-L-rhamnohydrolase 1 
GH107 1 sulfated fucan endo-1,4-fucanase 0 
GH109 37 α-N-acetylgalactosaminidase 13 
GH110 4 α-galactosidase 3 














GH128 1 β-1,3-glucanase 1 
GH129 1 α-N-acetylgalactosaminidase 1 
GH13 8 α-amylase/ pullulanase 2 
GH130 4 1,4-beta-mannosyl-N-acetylglucosamine phosphorylase 0 
GH136 3 lacto-N-biosidase 2 
GH138 5 α-galacturonidase 3 
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GH14 1 β-amylase 0 
GH140 3 Apiosidase 3 
GH141 8 α-L-fucosidase/ xylanase 5 
GH148 2 β-1,3-glucanase 2 
GH149 1 β-1,3-glucan phosphorylase 0 
GH150 2 l-carrageenase 1 
GH151 4 α-L-fucosidase 2 
GH16 14 Beta-glucanase precursor 9 
GH17 2 
glucan endo-1,3-β-glucosidase/ glucan 1,3-β-glucosidase/ 
licheninase/ ABA-specific β-glucosidase/ β-1,3-
glucanosyltransglycosylase 
0 
GH2 23 β-galactosidase 13 
GH20 1 β-1,6-N-acetylglucosaminidase/β-6-SO3-N-acetylglucosaminidase 0 
GH26 2 Mannan endo-1,4-beta-mannosidase 1 
GH27 2 α-galactosidase 0 
GH28 6 polygalacturonase 1 
GH29 26 α-L-fucosidase 21 
GH3 2 β-glucosidase 0 
GH30 3 
endo-β-1,4-xylanase/ β-glucosidase/ β-glucuronidase/ β-
xylosidase/ β-fucosidase/ glucosylceramidase/ β-1,6-glucanase/ 
glucuronoarabinoxylan endo-β-1,4-xylanase/ endo-β-1,6-
galactanase/ [reducing end] β-xylosidase 
2 
GH31 4 α-glucosidase /α-xylosidase 1 
GH32 2 Sucrose-6-phosphate hydrolase 0 
GH33 12 Sialidase/ exo-alpha-sialidase 11 
GH36 3 α-galactosidase 2 
137 
 
GH38 2 α-mannosidase 0 
GH39 3 α-L-iduronidase/ β-xylosidase 1 
GH4 2 α-glucosidase/ α-galactosidase 0 
GH42 2 β-galactosidase 2 
GH43 9 Xylan 1,4-beta-xylosidase 6 
GH49 1 
dextranase/ isopullulanase/ dextran 1,6-α-isomaltotriosidase/ 
sulfated arabinan endo-1,4-β-L-arabinanase 
0 
GH5 5 Endoglucanase C 5 
GH50 10 β-agarase/ sulfatase 5 
GH51 4 alpha-L-arabinofuranosidase 2 
GH53 1 endo-β-1,4-galactanase/ sulfatase 1 
GH55 1 exo-β-1,3-glucanase/ endo-β-1,3-glucanase 0 
GH6 2 endoglucanase/ cellobiohydrolase 0 
GH65 1 
α,α-trehalase/ maltose phosphorylase/ trehalose phosphorylase/ 
kojibiose phosphorylase/ trehalose-6-phosphate phosphorylase/ 
nigerose phosphorylase/ 3-O-α-glucopyranosyl-L-rhamnose 








GH77 2 4-α-glucanotransferase 0 
GH78 4 α-L-rhamnosidase 2 
GH81 1 endo-β-1,3-glucanase 1 
GH82 2 Ι-carrageenase 1 




Endoglucanase/ endo-β-1,3(4)-glucanase / lichenase-laminarinase/  
β-glucosidase/ lichenase / endo-β-1,3-1,4-glucanase/ exo-β-1,4-
glucanase / cellodextrinase/ cellobiohydrolase/ xyloglucan-
specific endo-β-1,4-glucanase / endo-xyloglucanase/ exo-β-
glucosaminidase 
2 
GH92 1 Mannosyl-oligosaccharide α-1,2-mannosidase 1 
GH94 2 Cellobiose phosphorylase 0 
GH95 10 α-L-fucosidase/ α-1,2-L-fucosidase/ α-L-galactosidase 7 
GH97 2 α-glucosidase 2 
GH99 1 







GT19 1 Lipid-A-disaccharide synthase 0 








pyrophosphoryl-undecaprenol N-acetylglucosamine transferase 
0 
GT30 2 3-deoxy-D-manno-octulosonic acid transferase 0 
GT35 1 Glycogen phosphorylase 0 
GT4 20 
Glycogen synthase/ ADP-glucose transglucosylase/ N-acetyl-
alpha-D-glucosaminyl L-malate synthase 
0 
GT41 1 β-N-acetylglucosaminyltransferase/ N-β-glucosyltransferase 0 
GT8 1 
lipopolysaccharide α-1,3-galactosyltransferase/ lipopolysaccharide 





galacturonosyltransferase/ xylan α-glucuronyltransferase 





PL0 1 Polysaccharide lyase 1 
PL10 1 Pectate lyase 1 
PL12 1 Heparin-sulfate lyase 1 
PL13 1 Heparin lyase 1 
PL14 1 Alginate lyase/ exo-oligoalginate lyase/ β-1,4-glucuronan lyase 0 
PL15 1 Oligo-alginate lyase/ alginate lyase 0 
PL25 1 Ulvan lyase 0 
PL6 2 Alginate lyase 1 
PL9 1 
Pectate lyase/ Exo-polygalacturonate lyase/ thiopeptidoglycan 
lyase 
0 
Abbreviations: AA = auxiliary activity; CBM = carbohydrate binding module; CE = carbohydrate esterase; GH = glycosyl hydrolase; 
GT = glycosyl transferase; PL = polysaccharide lysase  
*Predicted function is based on the RAST annotation or BLASTx result compared to the nt/nr database. Where an annotation could 





Chapter 4  
 
 
Metatranscriptome analyses of accessory nidamental gland and egg jelly coat communities 






The accessory nidamental gland (ANG) of Euprymna scolopes houses a bacterial 
consortium predominantly composed of Alphaproteobacteria, Verrucomicrobia, Flavobacteriia, 
and Gammaproteobacteria (69)(72). These bacteria are deposited into the jelly coat (JC) 
surrounding the yolk sac of bobtail squid eggs and are believed to provide defense against 
microbial infections (Appendix I). Organic extracts from ANG/JC isolates have demonstrated in 
vitro antimicrobial activity (85) (Chapter 1, Appendix I), suggesting that the community has the 
potential to produce small molecules in vivo that could play a role in egg defense. Previous 
analyses of ANG metagenomes predicted 255 secondary metabolite biosynthetic gene clusters 
(Chapter 3), some of which could potentially produce or regulate bioactive defensive 
compounds. To better understand which of these predicted gene clusters are expressed and the 
types of bacterial metabolism that occur in host conditions, metatranscriptomes were sequenced 
of the ANG, freshly laid (day 0) egg JCs, JCs from eggs mid-way through development (day 10 
control), and JCs from eggs that were challenged with the fungal pathogen, Fusarium 
keratoplasticum, for half of embryogenesis (day 10 challenge) to determine if challenge with a 
pathogen increases expression of secondary metabolite genes.  
Metatranscriptomics have been used to analyze community-wide bacterial gene 
expression in the presence of a host and associate functions in symbioses. In the wood-feeding 
higher termite, Nasutitermes takasagoensis, digestion of xylan, the main component of 
hemicellulose in the termite’s diet, was found to be associated with Spirochaetes in the hindgut 
that express several xylanases (105). A time-course study sequenced metatranscriptomes from 
the human oral microbiome over the course of 24 hours to examine gene expression responses to 
pH changes in the environment (216). Many significant transcriptional changes were seen 
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between six and nine hours, as pH levels dropped from 5.5 to 4.3, including genes involved in 
pyruvate and lactate metabolism, two-component signaling pathways, iron acquisition, and 
biofilm formation. Of the 15 predicted secondary metabolite biosynthetic gene clusters with 
known products in this community, nine clusters for production of bacteriocins and non-
ribosomal peptide synthetases (NRPSs) were differentially expressed across the different pH 
stages (216). These small molecules are thought to play a role in competition between strains 
during biofilm formation but may also have unexplored impacts on human health.  
Dual RNA-sequencing can be used to examine gene expression of both a host and its 
symbionts at the same time. This technique has most often been used to study pathogenic 
symbioses, and can reveal which virulence factors are important in establishing an infection, 
while also revealing what host immune factors are expressed in response to the infection (217). 
Dual RNA-sequencing has less frequently been used to study beneficial symbioses, and can 
reveal what bacterial and host factors are important in establishing and maintaining colonization. 
Dual sequencing of the nematode, Brugia malayi, and its Wolbachia symbionts found many 
genes for energy production and transport in Wolbachia were upregulated during female 
nematode development, demonstrating that pathways such as purine biosynthesis are beneficial 
to the host (218). In this chapter, eukaryotic and prokaryotic transcripts from six ANGs were 
sequenced to examine what nutrient sources the bacteria are utilizing and which of these 
nutrients may be produced by the host.  
Of the secondary metabolite gene clusters predicted in the ANG metagenome, 51.8% of 
the clusters were expressed in the ANG, 50.2% expressed in day 0 JCs, 51.8% expressed in day 
10 control JCs, and 60% expressed in day 10 challenge JCs. The expressed clusters represented 
15 metabolite classes, the majority of which were homoserine lactones, bacteriocins, and 
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terpenes. Non-ribosomal peptide synthetase core biosynthesis genes were the highest expressed 
in all samples, and gene expression was not significantly different between sample types. 
Examination of primary metabolism in the ANG/JC communities focused on expression of genes 
from the Verrucomicrobia PD13 Bin 1 MAG. This strain is expressing cell division genes at 
equal levels between all ANG/JC samples, and expressed genes to utilize sulfate, sialic acid, and 
fucose. Genes to synthesize fucosylated glycoproteins were expressed in ANG tissue, and stains 
for sulfated and sialylated mucins detected these glycoproteins in both the ANG tubules and JC 
of eggs. 
 
Material and Methods 
ANG and egg jelly coat (JC) sample collection 
Adult Hawaiian bobtail squid, Euprymna scolopes, were collected from sand flats in 
Maunalua Bay, Oahu, Hawaii (21826’3.36“N, 157847’20.78”W) in July 2016, January 2017, 
July 2018, and September 2018. All bobtail squid were shipped to the University of Connecticut 
and maintained in aquaria with artificial seawater (Instant Ocean, Blacksburg, VA) and a 12 hr 
light / 12 hr dark cycle for at least one month. Six sexually mature females (mantle lengths = 23 
– 27 mm, Table S1) were sacrificed following protocols approved by the UConn Institutional 
Animal Care and Use Committee (IACUC). The ANGs were dissected and divided in half using 
sterile forceps and razor blades treated with RNase Away (Ambion, Austin, TX) for one hour 
prior to use. Each ANG section was surface sterilized with 95% ethanol and rinsed in filter-
sterilized squid Ringer’s (FSSR, 530 mM NaCl, 25 mM MgCl2, 10 mM CaCl2, 20 mM HEPES, 
pH 7.5). One half of each ANG sample was placed in RNAlater (Invitrogen, Waltham, MA) and 
144 
 
stored at -80°C for future RNA extractions. The other half of each ANG was flash-frozen in 
liquid nitrogen and stored at -80°C for DNA extractions (see chapter 3). 
While bobtail squid were maintained at the University of Connecticut, males and females 
were placed in the same tank to mate once every two weeks. After mating, females were placed 
in separate tanks to track the egg clutches laid by each female. Once an egg clutch was laid, it 
was removed from the female’s tank and placed in a separate tank to keep track of the age of 
individual clutches. Clutches were numbered (Table S2) in reference to the order they were laid 
by all females and do not indicate the number laid by any one female. Egg clutches are recorded 
as “day 0” if they were sampled less than 24 hours after being laid. At least 30 eggs were 
sampled from a day 0 clutch laid by a female from which an ANG was also sampled.  
Sampled eggs were gently removed from the entire egg clutch, surface sterilized with 
95% ethanol, and rinsed with FSSR prior to dissection. Forceps were soaked in RNase Away for 
1 h prior to use. To collect the jelly coat (JC) layer containing bacteria, the outer capsule of each 
egg was first removed and discarded. Forceps were used to tear a small hole in the JC to remove 
the yolk sac containing the embryo. Each JC was immediately placed into a bead-beating tube 
kept on dry ice. Due to the small volume of JC in each egg (approximately 6 mg), the JCs froze 
immediately when placed in these pre-chilled tubes. Tubes containing the frozen JC were stored 
at -80°C until RNA extraction. Preservation in RNAlater was not effective because this solution 
interfered with downstream homogenization and RNA extraction.  
 
Egg Fungal Challenge Experiment 
 To determine the effect of fungal challenge on jelly coat bacterial transcription, eggs 
from five females (from which the ANG was also sampled, Table S2) were exposed to the 
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fungal pathogen, Fusarium keratoplasticum FSSC-2g, during development. For each sample, at 
least 60 day 0 eggs from one clutch per female were collected and divided into two groups: at 
least 30 eggs were placed in a control group and at least 30 eggs were in the challenge group and 
exposed to F. keratoplasticum. All eggs were maintained in 100 ml of filter-sterilized artificial 
seawater (ASW) in 250 ml polypropylene beakers with air stones. Beakers were covered with 
plastic wrap to prevent evaporation and changes in salinity. Water changes were performed every 
2-3 days. All beakers containing eggs were maintained in a biological safety cabinet to prevent 
contamination. All non-biological materials placed in the safety cabinet were UV sterilized for 
one hour prior to initiating the experiment.  
 Prior to placement in the beakers, all eggs were rinsed six times with filter-sterilized 
ASW to remove any transient surface microbes. F. keratoplasitcum bud cells at 104 bud cells/ml 
were added to the challenge eggs on the first day of the experiment and after every water change. 
Bud cells were collected and quantified following previous protocols (Appendix I). At day 10 of 
development, JCs from both challenge and control eggs were collected and flash-frozen 
following procedures described above.  
 
Accessory Nidamental Gland (ANG) RNA Extraction 
ANG samples frozen in RNAlater were thawed on ice and placed into a bead-beating 
tube containing 0.01 mm and 0.5 mm diameter zirconia/silica beads (BioSpec Products, 
Bartlesville, OK) and 1.0 ml of TRIzol Reagent (Invitrogen, Carlsbad, CA). Samples were bead-
beat at 3,500 rpm for two 45 s cycles with a 30 s pause using a PowerLyzer 24 Homogenizer 
(Qiagen, Germantown, MD). Beads were pelleted by centrifuging for 5 min, 16,000 x rcf, at 4°C. 
Supernatant was transferred to a new tube and RNA isolated following the TRIZol 
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manufacturer’s protocol. RNA samples were treated with TURBO DNase (Invitrogen, Carlsbad, 
CA) for 1 h at 37°C. To confirm DNA was removed, no bands were seen on a 1% agarose gel 
when PCR amplifying RNA using the standard GoTaq Green Master Mix (Promega, Madison, 
WI) protocol with 16S rRNA gene universal primers, 30 cycles, and 55°C annealing temperature. 
RNA concentrations were measured using a Qubit RNA HS assay kit (Invitrogen, Waltham, 
MA) and RNA quality was checked using RNA ScreenTape on an Agilent TapeStation 2200 
(Agilent Technologies, Santa Clara, CA).  
To separate bacterial RNA from the host RNA, all samples were processed through a 
eukaryotic mRNA selection with cleaning and concentrating of leftover RNA. The NEBNext 
Poly(A) mRNA Magnetic Isolation Module (New England BioLabs, Ipswich, MA) was used to 
select eukaryotic mRNA and separate it from eukaryotic rRNA and total prokaryotic RNA. 0.9 
ug – 4.2 ug of RNA (Table S1) were used as input, following the manufacturer’s protocol except 
where noted below. At steps 16 and 20 of this protocol, after washing magnetic beads bound 
with eukaryotic mRNA, all supernatant was pooled and placed on ice until the protocol was 
completed. The mRNA recovered at this stage was prepared for sequencing as described below 
and hereafter referred to as the eukaryotic sample from each female.  
A total of 500 μl of pooled supernatant containing total prokaryotic RNA and eukaryotic 
rRNA was cleaned using the Zymo RNA Clean and Concentrator Kit (Zymo Research, Irvine, 
CA). This concentrated RNA was treated with a 50:50 mixture of RiboZero bacteria and 
RiboZero Gold epidemiology rRNA removal probes (Illumina, San Diego, CA), to remove both 
prokaryotic and eukaryotic rRNA, following the manufacturer’s protocol with ethanol 
precipitation. The RNA recovered from this procedure was prepared for sequencing as described 
below and hereafter referred to as the prokaryotic sample from each female, although some host 
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rRNA did remain after RiboZero treatment. All RNA samples were stored at -80°C until 
prepared for sequencing.  
 
Egg Jelly Coat (JC) RNA Extraction 
 JCs frozen in bead-beating tubes were lyophilized in a FreeZone Plus 4.5 L cascade 
benchtop freeze dryer (Labconco Corp., Kansas City, MO) for 24 h at -84°C. Lyophilized 
samples were bead-beat with 0.01 mm and 0.5 mm diameter zirconia/silica beads (BioSpec 
Products, Bartlesville, OK)  in 1.0 ml of TRIzol Reagent at 3,500 rpm for two 45 s cycles with a 
30 s pause using a PowerLyzer 24 Homogenizer (Qiagen, Germantown, MD). Beads were 
pelleted by centrifuging for 5 min, 16,000 x rcf, at 4°C. Supernatant was transferred to a new 
tube and RNA isolated following the TRIZol manufacturer’s protocol. RNA samples were 
treated with TURBO DNase (Invitrogen, Carlsbad, CA) for 1 h at 37°C. To confirm DNA was 
removed, no bands were seen on a 1% agarose gel when PCR amplifying RNA using the 
standard GoTaq Green Master Mix (Promega, Madison, WI) protocol with 16S rRNA gene 
universal primers, 30 cycles, and 55°C annealing temperature. RNA concentrations were 
measured using a Qubit RNA HS assay kit (Invitrogen, Waltham, MA) and RNA quality was 
checked using RNA ScreenTape on an Agilent TapeStation 2200 (Agilent Technologies, Santa 
Clara, CA). Due to low sample concentrations (below the Qubit RNA HS detection limit for all 
but one sample, Table S2), JC samples were not treated with RiboZero rRNA removal probes. 
Since the embryo was removed from all eggs prior to extraction, the samples were not expected 






Metatranscriptomic libraries were prepared using the TruSeq Stranded mRNA Library 
Prep Kit (Illumina, San Diego, CA). Due to the low concentrations of recovered RNA (Table 
S1-S2), all samples were concentrated to 5 μl using a ThermoSci Savant DNA 120 SpeedVac 
(ThermoFisher Scientific, Waltham, MA) on low heat (22°C). Concentrated samples were 
combined with 13 μl of the “Fragment, Prime, Finish Mix” (at the “Make RFP” step) and 
proceeded with library prep according to the manufacturer’s protocol. Libraries were sequenced 
using the NextSeq 500 mid-output reagent kit v2 (2x150 cycles) (Illumina, San Diego, CA) at 
the Center for Genome Innovation (CGI), University of Connecticut.  
  
Metatranscriptome read processing 
Raw reads were quality filtered using Trimmomatic v.0.36 (121), removing any reads 
less than 36 bp with the following arguments: “LEADING:3 TRAILING:3 
SLIDINGWINDOW:4:15 MINLEN:36”. Quality of reads was checked using FastQC v.0.11.7 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The rRNA reads were removed 
using SortMeRNA v.2.1b (219) and matching against the following SILVA rRNA databases: 
90% ID bacterial 16S, 98% ID bacterial 23S, 95% ID archaeal 16S, 98% ID archaeal 23S, 95% 
ID eukaryotic 18S, 98% ID eukaryotic 28S, and the Rfam 5s and 5.8s databases. Remaining host 
transcripts were removed from the prokaryotic RNA samples using the methods described in 
(http://www.metagenomics.wiki/tools/short-read/remove-host-sequences). Prokaryotic non-
rRNA reads were aligned to the Euprymna scolopes transcriptome (102) using BowTie2 v2.3.1 . 
Unmapped paired reads were filtered from bam files using samtools v.1.7.  All prokaryotic reads 
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that did not align to the host transcriptome are referred to as the “host-filtered” reads. A flow 
chart of read processing and analyses can be found in Figure S1.  
 
Metatranscriptome de novo assembly and analyses 
All non-rRNA read pairs were used to create a de-novo metatranscriptome assembly with 
Trinity v.2.6.6. (220) with in silico read normalization according to depth of sequencing 
coverage. Trinotate v.3.0.2 (221) was used to annotate the de-novo assembly with TransDecoder 
v.3.0.1 (for predicting coding regions in transcripts), hmmer v.3.1b2 (domain identification), and 
blast.2.7.1 (transcript alignment). The de novo assembled contigs were analyzed using blastx 
against the Swiss-Prot database and using hmmscan against the Pfam database. Host-filtered 
prokaryotic reads were aligned to the de novo metatranscriptome using Bowtie2 v.2.3.1. A read 
counts matrix was generated using the “align_and_estimate_abundance.pl” script in Trinity 
v.2.6.6 with the RSEM estimation method. This counts matrix was used for differential 
expression analysis in the NOISeq v.2.26.1 package and TPM normalization in edgeR v.3.24.3, 
with scripts from (222), in R v3.5.2. Differentially expressed genes were visualized using the R 
package Manhattanly v.0.2.0.  
 
Expression of Verrucomicrobia PD13 Bin 1 genes and ANG metagenome secondary 
metabolite biosynthetic gene clusters 
Host-filtered prokaryotic reads were aligned to the Verrucomicrobia PD13 Bin 1 MAG 
(chapter 3) using CLC Genomics Workbench v.11 (Qiagen, Germantown, MD) with default 
alignment parameters. Host-filtered prokaryotic reads were also aligned to the secondary 
metabolite biosynthetic gene clusters predicted in the ANG metagenome coassembly (chapter 3, 
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Appendix III) using the same method as above. Aligned read counts were normalized across all 
metatranscriptome samples using the transcripts per kilobase million (TPM) method, which 
normalizes for gene length and then sequencing depth. Differential expression analyses were 
performed using the NOISeq v.2.26.1 package, with scripts from (222), in R v3.5.2. 
Differentially expressed genes were visualized using the R package Manhattanly v.0.2.0. 
Overlap in highest expressed genes between samples was visualized using the Venn diagram tool 
(http://bioinformatics.psb.ugent.be/webtools/Venn/). Heat maps were generated in Prism8 
(GraphPad Software, San Diego, CA). To compare TPM values of each gene between samples in 
the heat maps, analyses of repeated measures were performed using the mixed-effects model 
with Tukey multiple comparison testing and Geisser-Greenhouse correction.  
 
Metatranscriptome read-based analyses 
 Quality-filtered prokaryotic and eukaryotic reads were aligned to the GenBank non-
redundant (nr) protein database release 92 with DIAMOND v.0.9.19 (195) and output format 
“100” for producing .daa files. Output files were imported into MEGAN6 community edition 
(223) using the “prot_acc2tax-Nov2018X1.abin” mapping file to extract taxonomic identities 
and the “acc2eggnog-Oct2016X.abin”, “acc2interpro-June2018X.abin”, and “acc2seed-
May2015XX.abin” mapping files to respectively extract COG, Interpro, and SEED functional 
identifications for each read.  
 To focus analysis on the most dominant bacterial taxa associated with the ANG/JC 
communities, reads that were assigned to the Alphaproteobacteria, Verrucomicrobia, 
Bacteroidetes, and Gammaproteobacteria were individually exported from MEGAN. The 
proportions of reads assigned to each functional category for these taxa were averaged per 
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sample type (ANG/Day 0 JC/Day 10 JC control/Day 10 JC challenge) and analyses of repeated 
measures were performed using the mixed-effects model with Tukey multiple comparison testing 
and Geisser-Greenhouse correction. 
 
Mucin Staining 
 The ANGs from 3 adult females were dissected as described above and fixed with 4% 
paraformaldehyde (PFA, diluted in FSSR) for 24 hours, rocking at 4°C. Five day 0 eggs from 
two clutches from two separate females were collected for fixation. A small incision was made in 
the outer capsule and JC to remove the yolk sac prior to fixation in either 4% PFA or Carnoy’s 
solution (60% anhydrous ethanol, 30% chloroform, 10% glacial acetic acid) for 24 hours, 
rocking at 4°C. Fixed tissues were dehydrated with a series of absolute anhydrous ethanol (2x 
changes, 15 min), 50:50 anhydrous ethanol:xylene (2x, 30 min), and xylene (3x, 20 min). Tissues 
were embedded in paraffin and serial sectioned at 8 μm thickness. Sections were stored at 4°C 
prior to staining. 
 Sections were deparaffinized by melting at 60°C for 25 minutes and transferring through 
two changes of xylene for 10 min each. Sections were rehydrated by transferring through a 
graded ethanol series of 100% (2x), 90%, 80%, 70%, and 50% ethanol for five minutes each and 
five minutes in deionized (DI) water. Sections were stained with high-iron diamine (HID) to 
visualize sulfomucins and alcian blue to visualize sialomucins, following previous protocols 
(224). Sections were incubated with the HID solution (0.24% dimethyl meta-phenylenediamine 
dihydrochloride, 0.04% dimethyl para-phenylenediamine di-hydrochloride, and 1.7% FeCl3) for 
16 h at room temperature. Sections were rinsed with running DI water for 5 minutes, stained with 
1% alcian blue (prepared in 3% acetic acid) for 10 min, and then rinsed again with running DI 
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water for 5 minutes. Sections were dehydrated by passage through the reverse graded ethanol 
series described above, cleared with two changes of xylene, and mounted with Permount (Fisher 
Chemical, Hampton, NH). Stained sections were visualized with a Zeiss Axiovert 200M at the 




 Sequencing of the prokaryotic ANG libraries yielded an average of 34.9 M ± 13.4 M raw 
read pairs and the eukaryotic ANG samples yielded 33.5 M ± 11.6 M raw read pairs (Table S3). 
For the egg jelly coat (JC) samples, day 0 JCs yielded 31.9 M ± 15.3 M raw read pairs, day 10 
control JCs yielded 29.9 M ± 15.3 M raw read pairs, and the day 10 fungal challenge JCs yielded 
37.3 M ± 21.2 M raw read pairs (Table S3). Quality filtering removed an average of 2.0 M ± 1.0 
M read pairs from all samples. The average percent of rRNA read pairs removed was 13.3% ± 
8.2% from prokaryotic ANGs, 1.2% ± 0.2% from eukaryotic ANGs, 59.2% ± 13.9% from day 0 
JCs, 64.2% ± 9.2% from day 10 control JCs, and 68.0% ± 10.7% from day 10 challenge JCs 
(Table S3-S4). The amounts of remaining rRNA correspond to the sample treatments, as the 
eukaryotic ANG samples received poly-A mRNA selection, while the prokaryotic ANG sample 
was treated with rRNA removal probes, and the JC samples did not receive any rRNA removal 
treatments. After host-filtering the non-eukaryotic, non-rRNA samples, there were 21.5 M ± 8.7 
M prokaryotic ANG read pairs, 20.2 M ± 14.1 M day 0 JC read pairs, 20.4 M ± 7.6 M day 10 





Secondary metabolite genes are expressed in the ANG and egg jelly coats (JCs) 
 Predicted secondary metabolite biosynthetic gene clusters from the ANG metagenome 
co-assembly (chapter 3, Appendix III), contain both the predicted core biosynthetic genes and 
neighboring genes which may be involved in tailoring, transport, or transcriptional regulation of 
secondary metabolites. A secondary metabolite gene cluster was reported as expressed if all the 
biosynthetic genes in that cluster had expression values. Overall, 51.8% of the clusters were 
expressed in the ANG metatranscriptomes, 50.2% expressed in the Day 0 JCs, 51.8% expressed 
in Day 10 control JCs, and 60% expressed in Day 10 fungal challenged JCs (Fig. 1, Appendix 
IV). Within all the samples, the homoserine lactones (HSLs) had the most clusters expressed 
(24-26% of clusters), followed by bacteriocins (15%) in the ANG and terpenes (15-16%) in all 
JC samples (Fig. 1, Fig. 3A, Fig. 2A, Fig. 5A). Other classes of secondary metabolites that had 
clusters expressed in all metatranscriptome samples include an acyl amino acid (Fig. 7A), 
ectoines (Fig. 2B), T1 PKS-NRPS (Fig. 7B), T1-PKS (Fig. 5C), T3-PKS (Fig. 6A), thiopeptides 
(Fig. 5B), siderophores (Fig. 6B), aryl polyenes (Fig. 4A), NRPSs (Fig. 3B), and “other” 
compounds (as categorized by anitSMASH, Fig. 4). The one nucleoside cluster was only 
expressed in the ANG (Fig. 7D), while cyanobactin was expressed in the Day 10 JCs (Fig. 7C) 
and T3-PKS-arylpolyene was detected in only one day 10 JC fungal challenge metatranscriptome 
(Fig. 6C).  
When examining the top ten highest expressed genes in these clusters, considering both 
biosynthetic and neighboring genes, six genes were highly expressed in all ANG and JC samples 
(Fig. 8A, Table S6). These genes were an RNA polymerase sigma factor 70, rpoD (NRPS 
cluster 77, gene 7), DUF3520 domain-containing protein (NRPS cluster 77, gene 8), 
undecaprenyl/decaprenyl-phosphate alpha-N-acetylglucosaminyl 1-phosphate transferases 
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(NRPS cluster 220, gene 22/ NRPS cluster 194, gene 15), PEP-CTERM sorting domain-
containing protein (NRPS cluster 220, gene 30), and a hypothetical protein (NRPS cluster 229, 
gene 16) (Tables S6).  
Examining only the core biosynthetic genes in the clusters, there were only 3 genes that 
were in the top ten highest expressed for all ANG and JC samples (Fig. 8B, Table S7). These 
genes were two undecaprenyl/decaprenyl-phosphate (UDP) alpha-N-acetylglucosaminyl 1-
phosphate transferases (NRPS cluster 220, gene 22 / NRPS cluster 194, gene 15) and one AMP-
binding protein (Other cluster 207, gene 1) (Table S7). These clusters have top homologous 
cluster hits to Paenibacillus alvei (cluster 220), Nodularia spumigena (cluster 194), and 
Microcoleus chthonoplastes (cluster 207), but are on contigs assigned to the 
Alphaproteobacteria, Betaproteobacteria, or no assignment, respectively. The (UDP) alpha-N-
acetylglucosaminyl 1-phosphate transferases had TPM normalized expression values ranging 
from 25,337 (day 10 challenge JC) up to 138,747 (day 0 JC) (Fig. 3B). The AMP-binding 
protein had TPM values ranging from 1,653 (day 0 JC) up to 3,741 (ANG) (Fig. 3B). In 
comparison, the rpoD gene in NRPS cluster 77 had expression values ranging from 88,613 (day 
10 challenge JC) up to 106,642 (day 0 JC). Other biosynthetic genes that were highly expressed 
include six autoinducer synthases with closest blastp hits to Ruegeria spp (HSL clusters), two 
polysaccharide biosynthesis/export proteins (NRPS clusters), a non-ribosomal peptide synthetase 
(NRPS cluster), a sugar transferase (T1PKS), a lipopeptide synthetase (other), an adenylation 
domain containing protein (NRPS), a FabA-like protein (arylpolyene), and a hypothetical protein 
(other)(Tables S7-S8).  
Comparing the average TPM values for core biosynthetic genes between samples (Fig. 2-
7), only 1 comparison in the HSLs and 4 comparisons in the NRPSs were statistically significant. 
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For the HSLs, the SDR family NAD(P)-dependent oxidoreductase was higher in day 10 control 
JCs compared to the ANGs (p = 0.0207) (Table S9). Despite higher concentrations of bacteria in 
the ANG compared to egg JCs, none of the autoinducer synthases predicted in the ANG 
metagenome were expressed significantly higher in the ANG. This could be due, however, to 
high levels of variability between replicates, or we did not capture expression of the exact HSL 
clusters predicted in the metagenome. In the NRPSs, one undecaprenyl/decaprenyl-phosphate 
alpha-N-acetylglucosaminyl 1-phosphate transferase (heat map row 1) was expressed higher in 
day 0 JCs compared to day 10 control JCs (p = 0.0198) and day 10 challenge JCs (p = 0.0109) 
(Table S9). A second undecaprenyl/decaprenyl-phosphate alpha-N-acetylglucosaminyl 1-
phosphate transferase (heat map row 2) was also expressed higher in day 0 JCs than in day 10 
control JCs (p = 0.0495) and day 10 challenge JCs (p = 0.0295) (Table S9). Although some 
TPM values were considered significantly different for individual gene comparisons using the 
mixed-effects model and Tukey multiple comparison testing, overall, there were no significantly 
differentially expressed genes (p > 0.05) between any of the samples when analyzed with 
NOISeq (Fig. S2).  
 
Verrucomicrobia PD13 Bin 1 gene expression 
 Expression of the Verrucomicrobia PD13 Bin 1 MAG was determined by mapping all 
metatranscriptome reads to the MAG and calculating normalized TPM expression values. Of the 
4,095 coding sequences in this MAG, 4,003 had at least one TPM value. Of the top 20 highest 
expressed genes, 11 genes were shared between all ANG and JC samples (Fig. 9, Table S10). 
These genes were an MFS transporter, Yqge/AlgH family protein, glycosyl hydrolase, PBS 
lyase, mandelate racemase/muconate, sugar phosphate isomerase/epimerase, thiol peroxidase 
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(Bcp-type), carbohydrate-binding protein, and two proteins with unknown function. Genes that 
were most highly expressed in just JC samples were a response regulator, RNA polymerase 
sigma factor RpoE, GNAT family N-acetyltransferase, and 7 hypothetical proteins. Genes that 
were most highly expressed in the ANG include an acyl carrier protein, peptide transporter, and a 
hypothetical protein.  
 
Carbohydrate active genes 
 Genes assigned as carbohydrate active enzymes made up one of the categories with the 
highest expressed genes. The highest expression was of a hypothetical protein assigned to the 
glycosyl hydrolase (GH) family 81, with an average TPM value of 24,002.4 in day 10 fungal 
challenge JCs (Fig. 10F, Appendix V). The GH family 81 enzymes are endo-β-1,3-glucanases. 
The next highest expressed gene was a hypothetical GH117 family protein, with an average TPM 
value of 21,467.5 in day 0 JCs (Appendix V). GH family 117 proteins are α-1,3-L-
neoagarooligosaccharide hydrolases or α-1,3-L-neoagarobiase hydrolases. The third highest 
expressed gene was a hypothetical carbohydrate binding domain (CBM) 51 family protein, 
which bind galactose, with a TPM value of 6,085.9 in day 10 challenged JCs (Fig. 12A). All 
genes assigned to the 3 auxiliary activity (AA) families, 11 carbohydrate esterase (CE) families, 
and 9 polysaccharide lyase (PL) families were expressed in all ANG and JC samples (Fig. 12A). 
Of the 25 carbohydrate-binding domain family genes, 24 were expressed in the ANG (CBM4 not 
detected) and 23 were expressed in all of the JC samples (CBM4 and one of 5 CBM67 genes not 
detected). Of the 306 GH family genes, 305 were expressed in the ANG and day 0 JCs (GH109 
not detected), 303 were expressed in day 10 control JCs (GH109, GH150, GH99 not detected), 
and 304 were expressed in day 10 challenge JCs (GH109 and GH150 not detected). Of the GT 
157 
 
family proteins, all 48 were expressed in the ANG, day 0 JCs, and day 10 challenge JCs, and 47 
were expressed in day 10 control JCs (one of 15 GT2 genes not detected).  
 
Cell division and RNA polymerase sigma factors 
All cell division genes detected in the Verrucomicrobia PD13 Bin 1 MAG were 
expressed in all ANG and JC metatranscriptomes, except for one extra copy of a ftsH gene (Fig. 
10D). The other ftsH copy was the highest expressed gene in this category, with TPM values 
ranging from 427.8 ± 204.1 in day 10 control JCs up to 636.6 ± 204.2 in ANGs (Appendix V). 
The second highest expressed gene in this category was ftsI (176.4 ± 267.9 TPM in day 10 
control JCs up to 313.1 TPM in ANGs). No genes in this category had significantly different 
TPM values.  
The sigma factors expressed in this MAG were four copies of rpoE, three copies of rpoD, 
three copies of rpoN, and one copy of fliA, the flagellar operon sigma factor (Fig. 10A). The 
highest expressed sigma factor was rpoE (row 6, Fig. 10A, Appendix V), ranging from 5,276.2 
± 4,967.5 TPM in ANGs up to 11,492.5 ± 5,758.3 TPM in day 10 challenge JCs. None of the 
sigma factors had significantly different TPM values between the ANG and JC samples.  
 
Motility and chemotaxis 
All flagellar biosynthesis and chemotaxis gene present in the MAG were expressed in all 
ANG and JC samples at relatively low levels, ranging from 3.6 TPM (flgH in day 10 challenge 
JCs) up to 59.6 TPM (fliF in day 0 JCs) (Fig. 10E, Appendix V). The highest expressed gene in 
this category was the flagellar M-ring gene, fliF, in ANG and day 0 JCs, while the methyl-
accepting chemotaxis protein was highest in the day 10 JCs. The flagellar basal-body rod gene, 
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flgG, had a significantly higher average TPM value in ANGs compared to day 10 control JCs (p 
= 0.0157). The flagellum biosynthesis repressor protein, flbT, was significantly higher in ANGs 
versus day 10 challenge JCs (p = 0.0084) (Table S11).  
 
Type IV pili 
The Verrucomicrobia PD13 Bin 1 MAG had one copy of the type IV pili assembly gene, 
pilC, and four copies of the type IV pili ATPase, pilB, both of which were expressed in all 
samples (Fig. 10C). The pilC gene had the highest expression of these six genes, ranging from 
159.9 ± 75.9 TPM in day 10 control JCs up to 967.8 ± 1425.2 TPM in ANGs (Appendix V). 
This gene was significantly higher in day 0 JCs compared to day 10 control JCs (p = 0.0417) and 
day 10 challenge JCs (p = 0.0161). Two of the pilB copies were also significantly higher in day 0 
JCs compared to day 10 challenge JCs (p = 0.0241, 0.0382) (Table S11).  
 
Transport genes 
Transporters for ammonium, acetate, D-glycerate, D-xylose, ferrous iron, L-rhamnose, 
N-acetylglucosamine, oligopeptides (OppBCDF), sialic acid, galactose, glucose, choline, sulfate, 
and xyloside were expressed in all samples (Fig. 12C). Other transport systems expressed in all 
samples included the TonB-dependent receptors, TRAP-type transporters, twin-arginine 
translocation proteins (tatAC), and 49 of the 58 predicted ABC transporters. A biopolymer 
transport protein (ExbD/TolR) had the highest expression in ANGs (1,691.2 ± 994.9 TPM) and 
day 0 JCs (1,527.9 ± 1,056.6 TPM), while an ABC-type antimicrobial peptide transport system 
was highest in day 10 control JCs (978.2 ± 443.5 TPM) and day 10 challenge JCs (961.6 ± 573.0 
TPM) (Appendix V).  
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Four transporters had significantly higher average TPM values in ANGs than day 0 JCs, 
including an ABC-type nitrate/sulfonate/bicarbonate transporter ATPase (p = 0.0273), an RND 
efflux inner membrane transporter (p = 0.016), and two uncharacterized permeases (p = 0.04332, 
0.0459) (Table S11). Five transporters were significantly higher in day 0 JCs than in day 10 
control JCs, including a L-rhamnose-proton symporter (p = 0.0043) and four uncharacterized 
permease/transport proteins. The oligopeptide transport gene, oppD, and a sodium/sulfate 
symporter were expressed higher in day 10 control JCs compared to day 10 challenge JCs (p = 
0.0106, p = 0.0442, respectively) (Table S11).  
 
Sulfur utilization and sulfatases 
All genes detected for assimilative sulfate reduction were expressed in all ANG and JC 
samples (Fig. 11C). These genes included sulfate permeases (50.5 TPM in day 10 challenge JCs 
up to 97.0 in ANGs), sulfate adenylyltransferases (37.5 TPM in day 0 JCs up to 142.6 TPM in 
ANGs), adenylylsulfate kinase (38.2 TPM in day 10 control JCs up to 46.6 TPM in ANGs), 
phosphoadenylyl-sulfate reductase (40.7 TPM in ANGs up to 416.8 TPM in day 10 control JCs), 
and sulfite reductases (46.3 TPM in day 0 JCs up to 144.1 TPM in day 10 control JCs). The 
phosphoadenylyl-sulfate reductase had higher TPM values in ANGs compared to day 0 JCs (p = 
0.0456) and day 10 control JCs (p = 0.0291). The cysteine synthase was also higher in ANGs 
compared to day 0 JCs (p = 0.0289) (Table S11). Of all the sulfur utilization genes, a cysteine 
synthase (row 5, Fig. 11C) had the highest expression, ranging from 648.4 ± 699.2 TPM in 
ANGs up to 4,711.2 ± 4,560.9 TPM in day 10 control JCs. 
 All 255 previously described sulfatases in the Verrucomicrobia PD13 Bin 1 MAG 
(chapter 3) were expressed in all ANG and JC samples, including some additional putative 
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sulfatases (Fig. 11A-B). Expression of sulfatases in the ANG ranged from 3.0 ± 4.1 TPM to 
497.8 ± 374.0 TPM, in day 0 JCs from 1.4 ± 0.9 TPM to 909.8 ± 609.0 TPM, in day 10 control 
JCs from 2.0 ± 2.8 TPM to 761.4 ± 352.5 TPM, and in day 10 challenge JCs from 3.2 ± 3.7 TPM 
to 848.1 ± 282.8 TPM (Appendix V). One arylsulfatase was expressed higher in ANGs than day 
0 JCs, 8 arylsulfatase/4 sulfatases were higher in day 0 JCs than day 10 challenge JCs, 5 
arylsulfatases/3 sulfatases were higher in day 0 JCs than day 10 control JCs, and 2 arylsulfatases 
were higher in day 10 control JCs than day 10 challenge JCs (Table S11).  
 
Fucose utilization 
All 24 copies of the alpha-L-fucosidase gene were expressed in all ANG and JC samples, 
ranging from 8.5 ± 5.4 TPM (day 10 control JCs) up to 736.2 ± 603.0 TPM (day 10 challenge 
JCs) (Fig. 12B). Overall, fucose utilization genes were relatively low compared to other 
carbohydrate active enzymes. Fucose permease expression ranged from 23.7 ± 10.8 TPM 
(ANGs) up to 133.7 ± 62.7 TPM (ANGs), L-fucose isomerase expression ranged from 92.0 ± 
56.2 (day 10 control JCs) up to 408.4 ± 211.8 TPM (ANGs), L-fucose kinase expression ranged 
from 33.4 ± 11.7 (day 10 challenge JC) up to 38.0 ± 12.5 (ANG), and L-fucose mutarotase 
ranged from 37.7 ± 16.2 (day 0 JC) up to 44.6 ± 17.1 TPM (day 10 challenge JC) (Appendix V). 
One alpha-L-fucosidase (row 24, Fig. 12B) was expressed higher in ANGs compared to day 0 
JCs (p = 0.042) and day 10 control JCs (p = 0.0166) (Table S11). A different alpha-L-fucosidase 
(row 15, Fig. 12B), however, was expressed higher in day 10 control JCs compared to ANGs (p 
= 0.021). The L-fucose isomerase (row 27, Fig. 12B) was expressed higher in ANGs compared 
to day 0 JCs (p = 0.0486), day 10 control JCs (p = 0.032), and day 10 challenge JCs (p = 0.0432). 
Overall, L-fucose isomerase (row 27) had the highest expression in ANGs (408.4 ± 211.8 TPM), 
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while alpha-L-fucosidase (row 15) had the highest expression in all JC samples (286.5 ± 214.8 
TPM in day 0 JC, 569.1 ± 388.1 TPM in day 10 control JCs, 736.2 ± 603.0 TPM in day 10 
challenge JCs). 
 
Sialic acid utilization 
 Similar to fucose utilization, sialic acid utilization genes were expressed in all ANG and 
JC samples, although at lower levels than most carbohydrate active enzymes (Fig. 10B). Three 
sialic acid-specific 9-O-acetylesterases were expressed, with one (row 5, Fig. 10B) being highest 
in all samples (52.6 ± 20.5 TPM in ANGs, 51.8 ± 30.7 in day 0 JCs, 38.0 ± 23.8 in day 10 
control JCs, 43.7 ± 25.7 in day 10 challenge JCs) (Appendix V). A sialidase was expressed, 
ranging from 22.6 ± 10.2 TPM (day 10 control JCs) up to 37.0 ± 13.5 TPM (ANGs), as well as 
two copies of sialic acid transporters, ranging from 12.6 ± 6.4 TPM (day 0 JCs) up to 25.4 ± 13.4 
TPM (ANGs). One sialic acid transporter (row 2) was expressed higher in day 10 challenge JCs 
than in day 0 JCs (p = 0.0354) (Table S11).  
 
Differentially expressed genes in the Verrucomicrobia PD13 Bin 1 MAG 
 Differential expression analysis of the reads aligned to the Verrucomicrobia PD13 
Bin 1 MAG showed nine differentially expressed genes amongst the three main sample 
comparisons of interest (Fig. 13, Table S12) and an additional 23 genes differentially expressed 
in other ANG and JC comparisons (Fig. S3, Table S12). In the comparison of ANGs versus day 
0 JCs, a cell wall hydrolase and a fasciclin domain-containing protein were higher in day 0 JCs 
(Fig. 13A). In the comparison of day 0 JCs versus day 10 control JCs, 4 genes were higher in day 
0 JCs: undecaprenyl-phosphate alpha-N-acetylglucosaminyl 1-phosphate transferase, GHKL 
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domain-containing protein, and two hypothetical proteins (Fig. 13B). In the comparison of day 
10 control JCs versus day 10 challenge JCs, 2 hypothetical proteins were higher in control eggs, 
while one hypothetical protein was higher in challenge eggs (Fig. 13C). All three of these 
hypothetical proteins did not have significant matches in the non-redundant NCBI database. The 
inverted nature of this plot was likely driven by either low expression values or variability 
between individual females.  
 
Sulfomucins and sialomucins present in ANGs and egg JCs 
 After expression of genes associated with mucin utilization were observed in the 
metatranscriptomes, staining was performed on ANG and JC paraffin-embedded sections to 
determine which mucins were present in these samples. In the same ANG section, opposite 
mucin staining patterns were observed in different clusters of tubules, where the lumen of some 
tubules contained sialomucins while the tubule epithelia contained sulfomucins (Fig. 14A) while 
in other areas the opposite staining pattern was observed (Fig. 14B). In egg JC sections, 
Sulfomucins and sialomucins were observed in distinct layers, with sialomucins towards the 
outer capsule (Fig. 14C-D).  
 
Adult E. scolopes ANG tissue expresses genes for synthesis of fucose 
 The Euprymna scolopes transcriptome (102) was searched for the presence of fucose 
synthesis genes. Isoforms for a GDP-L-fucose synthase (synthesizes fucose), a GDP-fucose 
transporter (transfers fucose to the golgi complex), and an alpha-1,6-fucosyltransferase (attaches 
fucose to glycopeptides) were seen in ANG tissues (Fig. 15). These genes were expressed 1.4 up 
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to 4 log2 fold change higher in the ANG than in other adult tissues, including the brain, gills, 
hemocytes, light organ, skin, and eyes.  
 
Discussion 
Secondary metabolite biosynthesis genes are expressed in the ANG and JCs 
Due to the difficulty of extracting high-quality RNA from JC samples, and the separation 
of prokaryotic and eukaryotic RNA in ANG samples, low amounts of RNA were used as input in 
sequencing. Despite these low concentrations, an average of 33.5 M ± 13.4 M raw read pairs 
were obtained for all sample types. The separation of prokaryotic/eukaryotic RNA and rRNA 
removal performed on ANG samples did result in lower rRNA concentrations remaining after 
sequencing (2.7% up to 22.1% in prokaryotic ANGs, 0.98% up to 1.5% in eukaryotic ANGs) 
compared to the egg JC samples (36.6% up to 81.1%). After host-filtering of prokaryotic 
samples, an average of 21.9 M ± 12.3 M read pairs from all samples were used for mapping to 
reference gene clusters.  
 Of the predicted secondary metabolite gene clusters, 50-60% of core biosynthetic genes 
were expressed in all ANG and JC samples. Although only core genes were the focus of this 
analysis, many of the accessory genes needed to modify the core structures to complete synthesis 
of the small molecules were also expressed. The classes of metabolites produced were similar 
throughout all samples, with several non-ribosomal peptide synthetase clusters showing the 
highest expression. These clusters did not have predictions for the base structures that would be 
produced or the complete small molecule that may be produced by these pathways. The clusters 
also had low similarity to other known clusters, suggesting that these genes in the ANG may 
represent novel biosynthetic pathways or the metagenomic assemblies require deeper sequencing 
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to better assemble these gene pathways (disambiguate repetitive regions in these biosynthetic 
genes). Although expression of these clusters was not significantly different between samples, 
gene 22 of cluster 220 and gene 15 of cluster 194 both had the highest average expression in day 
0 JC samples. The high degree of expression variability between females is likely the reason that 
no genes were significantly differentially expressed between any of the samples using NOISeq 
analysis.  
 Both of the highest expressed core biosynthetic secondary metabolite genes encode 
undecaprenyl-phosphate (UDP) alpha-N-acetylglucosaminyl (GlcNAc) 1-phosphate transferases. 
This protein catalyzes the transfer of the GlcNAc-1 phosphate moiety from UDP-GlcNAc onto a 
carrier lipid, undecaprenyl phosphate (C55-P). This transfer yields GlcNAc-pyrophosphoryl-
undecaprenyl (GlcNAc-PP-C55), the first lipid-linked intermediate involved in production of 
enterobacterial common antigen, and is added to sugars to form the O-antigen lipopolysaccharide 
(LPS)(225).  
Amongst all the samples, the homoserine lactones (HSLs) were the group with the most 
core biosynthetic genes expressed and six autoinducers were among the highest expressed genes. 
These autoinducers were primarily from Rhodobacterales strains, the most abundant group of 
bacteria in the ANG/JC communities. It was surprising that these genes were not differentially 
expressed between ANG and JC samples, due to the decrease in population density upon 
deposition into the eggs (72). Again, due to the variability that was seen between females, further 
research will need to clarify if this trend holds true in a larger sample size. Future research is 
needed to determine if homoserine lactones play a role in regulating gene expression of other 




Expression of Verrucomicrobia PD13 Bin 1 MAG metabolism genes 
 The Verrucomicrobia PD13 Bin 1 MAG had the most contiguous assembly of all the 
Verrucomicrobia MAGs assembled from the ANG metagenomes (Chapter 3) and was thus 
chosen as a reference for metatranscriptome mapping. Among the most highly expressed genes 
in all samples were two carbohydrate active enzymes, a major facilitator superfamily (MFS) 
transporter, mandelate racemase/muconate, a sugar phosphate isomerase/epimerase, and a thiol 
peroxidase (Bcp-type).  
The majority of the cell division genes detected in the MAG were expressed at similar 
low levels between the ANG and JC samples. Bacteria in the JCs have been observed via TEMs 
to undergo 3-4 cell divisions over 21 days of egg development (72). While bacteria in the ANG 
are densely packed, their division rates are unknown. Rapid growth may only occur in the ANG 
during colonization or after the contents of a tubule have been emptied to colonize a JC during 
egg laying. At other times, the host may be regulating symbiont division to prevent an 
overgrowth of the community. In the light organ symbiosis, E. scolopes expels 95% of the V. 
fischeri cells each morning (226), but it is unknown if any venting occurs in the ANG symbiosis 
as well. Other hosts have been shown to regulate symbiont growth through use of antimicrobial 
peptides, such as those produced in weevils that inhibit cell division of endosymbionts in their 
bacteriocytes (227). Thus, it is plausible that the low expression levels of cell division genes 
reflect low division rates in both the ANG and egg environments.  
 Flagellar biosynthesis and chemotaxis genes were also expressed at low levels in both the 
ANG and JCs, with the basal body rod gene expressed significantly higher in the ANG compared 
to day 10 control JCs. While previous TEMs of E. scolopes ANGs were not stained to detect 
flagella (69), there is a report in D. pealei ANGs that approximately 10% of symbionts were 
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motile when homogenates were viewed using phase-contrast microscopy (67). The observed 
motility was not described with any particular symbiont morphology or taxonomy. Although the 
Verrucomicrobia have not yet been cultured, future chemotaxis assays or characterization of the 
ANG microenvironment may reveal which chemoattracts the Verrucomicrobia can respond to. 
Although motility by flagella has been described in other Verrucomicrobia (228)(229), there are 
no descriptions of known Verrucomicrobia chemoattractants.  
Mucin staining revealed that sulfomucins and sialomucins are present in the ANG and 
eggs, and host expression data showed that fucosylated mucins may also be present in the ANG. 
Genes to cleave fucose, sialic acid, and sulfatase were expressed in Verrucomicrobia PD13 Bin 
1, as well as transporters to bring these nutrients into the cell and continue their metabolism, 
leading to the predicted model in Figure 16 that this symbiont is utilizing host-derived 
glycoproteins. Mucin staining also revealed a segregation of sulfomucin-dominant and 
sialomucin-dominant tubules in the same ANG sections. Fluorescence in situ hybridization 
(FISH) of ANG sections has previously shown that different bacterial taxa are segregated into 
different ANG tubules (69). The differential mucin staining suggests that the host may be 
provisioning different nutrient sources in the tubules that could create niche environments during 
colonization. A previous study in humans showed that differences in bacterial community 
composition along different sites of the colon were correlated with the total abundance of 
sulfomucin and sialomucin goblet cells (230). Higher amounts of these acidic mucins can lead to 
higher viscosity and acidity that may select for different microbes. In the light organ symbiosis, 
the host releases mucin on the ciliated appendages 1-2 hours after hatching, which provides a 
substrate that V. fischeri attaches to and forms aggregates before entering the pores for 
colonization (224). Mucin may also play a role in the attachment of symbionts during 
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colonization of the ANG tubules. Further characterization of the ANG microenvironments will 
reveal if other nutrient sources are also segregated between different tubules.  
Transporters for glucose, galactose, L-rhamnose, D-glycerate, D-xylose, xyloside, and N-
acetylglucosamine were all expressed at similar levels, suggesting that Verrucomicrobia has 
access to and can utilize a range of sugars in both the ANG and eggs. Some of the highest 
expressed glycoside hydrolases included the alpha-1,3-L-neoagarooligosaccharide hydrolase 
[GH117 family, agarose breakdown, (231)], endo-beta-1,3-glucanase (GH81/GH16, breaks 
down beta-glucans, a common energy reserve of algae), beta-glucosidase (GH116, acts on beta-
D-glucosides to release glucose), alpha-N-acetylgalactosaminidase [GH109, cleave glycans from 
mucin backbones (199)], alpha-L-arabinofuranosidase (GH51, breakdown of arabinoxylan, 
component of plant hemicellulose), alpha-amylase (GH13, cleaves alpha-bonds in 
polysaccharides), xylan alpha-1,2-glucuronidase (GH115, acts on xylan polysaccharides), and 
alpha-L-fucosidase [GH95/GH29, cleave fucose from O-glycosidic chains linked to galactose or 
N-acetyl-glucosamine in mucins (200)]. Overall, these enzymes are associated with the 
utilization of plant-derived polysaccharides or mucins. While the origin of mucins can be directly 
associated with the bobtail squid host, plant-derived sugars may be associated with the host’s 
diet. Although bobtail squid are predators of live shrimp, the shrimp may be feeding on algae in 
seawater. As well, the ANG bacteria may be exposed to algal sugars through the bobtail squid’s 
respiration. The mantle cavity, which contains the majority of the bobtail squid’s organs 
(including the ANG), is exposed to the surrounding seawater as water is pumped in from the 
mantle’s openings, over the gills, and out through the siphon. The JC bacteria may be exposed to 
algae in surrounding seawater during the course of embryo development. There are no reports 
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regarding settlement of algae on squid eggs, but exposure to algae in this environment is highly 
likely.  
This analysis has focused on just one of the MAGs recovered from the ANG 
metagenome. Mapping transcripts to MAGs from other taxa, or examining the results of read-
based analyses for different taxa, will reveal if utilization of mucin and algal polysaccharides is 
unique to the Verrucomicrobia symbionts. If sequestration of different nutrient sources does 
occur in the ANG tubules, niche specialization can be hypothesized to occur amongst the 
different symbionts. Adaptations to utilize different nutrients amongst the different members of 








Figure 1. Number of expressed secondary metabolite biosynthetic gene clusters in ANG 
and JC metatranscriptomes. (A) Total number of predicted secondary metabolite gene clusters 
in the ANG metagenome co-assembly (see chapter 3). (B) Number of gene clusters expressed in 








Figure 2. Heatmaps of bacteriocin and ectoine core biosynthetic genes expressed in 
ANG/JC metatranscriptomes. Expression of core (A) bacteriocin and (B) ectoine genes. 
Expression is calculated as the average normalized TPM values per sample. Row numbers 
represent each core biosynthetic genes for all predicted clusters. White cells are genes with TPM 
expression less than one. Column letters correspond to metatranscriptome sample types: A = 







Figure 3. Heatmaps of HSL and NRPS core biosynthetic genes expressed in ANG/JC 
metatranscriptomes. Expression of core (A) homoserine lactone (HSL) and (B) nonribosomal 
peptide synthetase (NRPS) genes. Expression is calculated as the average normalized TPM 
values per sample. Row numbers represent each core biosynthetic genes for all predicted 
clusters. White cells are genes with TPM expression less than one. Column letters correspond to 








Figure 4. Heatmaps of aryl polyene and other core biosynthetic genes expressed in ANG/JC 
metatranscriptomes. Expression of core (A) aryl polyene and (B) other genes. Expression is 
calculated as the average normalized TPM values per sample. Row numbers represent each core 
biosynthetic genes for all predicted clusters. White cells are genes with TPM expression less than 
one. Column letters correspond to metatranscriptome sample types: A = ANG, B = day 0 JCs, C 






Figure 5. Heatmaps of terpene, thiopeptide, and T1 PKS core biosynthetic genes expressed 
in ANG/JC metatranscriptomes. Expression of core (A) terpene, (B) thiopeptide, and (C) type 
1 polyketide synthase (T1 PKS) genes. Expression is calculated as the average normalized TPM 
values per sample. Row numbers represent each core biosynthetic genes for all predicted 
clusters. White cells are genes with TPM expression less than one. Column letters correspond to 






Figure 6. Heatmaps of T3 PKS, siderophore, and T3 PKS-aryl polyene core biosynthetic 
genes expressed in ANG/JC metatranscriptomes. Expression of core (A) type 3 polyketide 
synthase (T3 PKS), (B) siderophore, and (C) T3 PKS-aryl polyene genes. Expression is 
calculated as the average normalized TPM values per sample. Row numbers represent each core 
biosynthetic genes for all predicted clusters. White cells are genes with TPM expression less than 
one. Column letters correspond to metatranscriptome sample types: A = ANG, B = day 0 JCs, C 





Figure 7. Heatmaps of acyl amino acid, T1 PKS-NRPS, cyanobactin, and nucleoside core 
biosynthetic genes expressed in ANG/JC metatranscriptomes. Expression of core (A) acyl 
amino acid, (B) type 1 polyketide synthase (T1 PKS)-non ribosomal peptide synthetase (NRPS), 
(C) cyanobactin, and (D) nucleoside genes. Expression is calculated as the average normalized 
TPM values per sample. Row numbers represent each core biosynthetic genes for all predicted 
clusters. White cells are genes with TPM expression less than one. Column letters correspond to 










Figure 8. Overlap of the top 10 highest expressed secondary metabolite genes between the 
ANG and JC metatranscriptomes. (A) Number of all biosynthetic and neighbor genes in a 
cluster highly expressed between the ANG/JC samples. Shared genes are listed in Table S6. (B) 
Number of highest expressed core biosynthetic genes shared between the ANG/JC samples. 






Figure 9. Overlap of the top 20 highest expressed genes in the Verrucomicrobia PD13 Bin 1 






Figure 10. Heatmaps of Verrucomicrobia PD13 Bin 1 genes expressed in ANG/JC 
metatranscriptomes. Expression of (A) sigma factor, (B) sialic acid utilization, (C) type IV pili, 
(D) cell division, (E) motility and chemotaxis, and (F) the top 10 highest expressed glycoside 
hydrolase genes. Expression is calculated as the average normalized TPM values per sample. 
Row numbers correspond to genes in Appendix V. White cells are genes with TPM expression 
less than one. Column letters correspond to metatranscriptome sample types: A = ANG, B = day 







Figure 11. Heatmaps of Verrucomicrobia PD13 Bin 1 genes expressed in ANG/JC 
metatranscriptomes. Expression of (A) arylsulfatase, (B) sulfatase, and (C) other sulfur 
utilization genes. Expression is calculated as the average normalized TPM values per sample. 
Row numbers correspond to genes in Appendix V. Column letters correspond to 






Figure 12. Heatmaps of Verrucomicrobia PD13 Bin 1 genes expressed in ANG/JC 
metatranscriptomes. Expression of (A) all glycoside hydrolase, (B) fucose utilization, and (C) 
transport genes. Expression is calculated as the average normalized TPM values per sample. 
Row numbers correspond to genes in Appendix V. White cells are genes with TPM expression 
less than one. Column letters correspond to metatranscriptome sample types: A = ANG, B = day 








Figure 13. Volcano plots of Verrucomicrobia PD13 Bin 1 mapped metatranscriptome reads. 
Comparisons of (A) ANG versus day 0 JCs, (B) day 0 JCs versus day 10 control JCs, and (C) 
day 10 challenge versus day 10 control JCs. Green dotted lines indicate p value cut off of 0.05 (-







Figure 14. Staining of mucins in ANG tubules and egg JCs. (A) The interior of some tubules 
stained blue for sialic acid-containing mucins while the epithelia stained purple for sulfate-
containing mucins. (B) In another portion of the same ANG section, an opposite staining pattern 
was observed. (C) Sulfomucins and sialomucins were observed in distinct layers of the egg jelly 







Figure 15. Expression of genes for the synthesis of fucose in adult E. scolopes tissues. 
Expression of host genes for the synthesis of fucose (GDP-L-fucose synthase), transfer of fucose 
to the golgi complex (GDP-fucose transporter), and attachment to glycopeptides (alpha-1,6-
fucosyltransferase) is shown in different adult tissues. Log2 fold change in expression is shown 





Figure 16. Predicted model of glycoprotein usage in the ANG by Verrucomicrobia PD13 
Bin1. Fucosidases, sialidases, and sulfatases are expressed by the Verrucomicrobia PD13 Bin 1 
MAG in the ANG, and can potentially cleave fucose, sialic acid, and sulfate from host-produced 
glycoproteins. Permeases or transporters for each of these nutrients are expressed by 
Verrucomicrobia PD13 Bin 1 in the ANG, as well as genes to further utilize these compounds in 






Figure S1. Flow chart of metatranscriptome analyses. Bioinformatic tools used and notes 







Figure S2. Volcano plots of antiSMASH mapped metatranscriptome reads. Comparisons of 
(A) ANG versus day 0 JCs, (B) ANGs versus day 10 control JCs, (C) ANGs versus day 10 
challenge JCs, (D) day 0 JCs versus day 10 control JCs, (E) day 0 JCs versus day 10 challenge 
JCs, and (F) day 10 challenge versus day 10 control JCs. Green dotted lines indicate p value cut 
off of 0.05 (-log10 p value = 1.3). Dotted orange lines indicate log fold change cut off of 2 (log2 







Figure S3. Other volcano plots of Verrucomicrobia PD13 Bin1 mapped metatranscriptome 
read sample comparisons. Comparisons of (A) ANGs versus day 10 control JCs, (B) ANGs 
versus day 10 challenge JCs, and (C) day 0 JCs versus day 10 challenge JCs. Green dotted lines 
indicate p value cut off of 0.05 (-log10 p value = 1.3). Dotted orange lines indicate log fold 



































n  (ng/µl) 
E8 25 38.7 7.1 1,536 <0.02 31.6 
E16 25 29.7 NA 918.4 <0.02 25.6 
J1 27 416 7.4 4,160 <0.02 26.9 
J8 24 217 7.7 2,170 <0.02 26.9 
K3 26 387 6.8 3,870 <0.02 23.2 




















E16 18 0 NA 30 <0.02 2.1 
E16 39 10 Control 30 <0.02 5.3 
E16 39 10 Challenge 30 <0.02 5 
E8 32 0 NA 30 2 3 
E8 35 10 Control 30 <0.02 3.7 
E8 35 10 Challenge 30 <0.02 4.6 
J1 6 0 NA 40 <0.02 3.7 
J1 13 10 Control 40 <0.02 NA 
J1 13 10 Challenge 30 <0.02 2.6 
J8 7 0 NA 40 <0.02 3.6 
J8 14 10 Control 40 <0.02 3.5 
J8 14 10 Challenge 30 <0.02 2.9 
K3 10 0 NA 40 <0.02 3.3 
K3 15 10 Control 40 <0.02 4 
K3 15 10 Challenge 40 <0.02 4.1 
































 E8 54355111 49971802 38912432 77.9 11059370 22.1 
E16 50004451 46276567 43193917 93.3 3082650 6.66 
J1 25367858 24078275 21886040.5 90.9 2192234.5 9.1 
J8 26163304 24366336 20148940 82.7 4217396 17.3 
K3 25524305 23869970 23231797.5 97.3 638172.5 2.67 














E8 45018071 40586214 39878502.5 98.3 707711.5 0.98 
E16 50890806 47207382 46482960 98.5 724422 1.53 
J1 30350048 28396586 28081298 98.9 315288 1.11 
J8 26856936 25327460 25076031.5 99.0 251428.5 0.99 
K3 25654054 24365387 24097223 98.9 268164 1.1 









E8 35740484 32898068 7659898 23.3 25238170 76.7 
E16 60698982 57390391 36397979.5 63.4 20992411.5 36.6 
J1 17422209 16572377 6540413.5 39.5 10031963.5 60.5 
J8 28411406 26920765 9696258 36.0 17224507 64.0 
K3 25439208 23349623 11532659.5 49.4 11816963.5 50.6 















E8 35466550 33677374 10656361.5 31.6 23021012.5 68.4 
E16 40760430 38767011 10305677 26.6 28461334 73.4 
J1 22241939 20849392 10620570 50.9 10228822 49.1 
J8 30526502 28619682 9658557 33.8 18961125 66.3 















E8 41421128 39493207 7466418.5 18.9 32026788.5 81.1 
E16 72703859 72703859 15971933 22.0 56731926 78.0 
J1 24177477 22571494 9561764 42.4 13009730 57.6 
J8 26773970 25569703 9778813.5 38.2 15790889.5 61.8 
K3 21498046 19992736 7658534 38.3 12334202 61.7 
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 E8 0.9 1.03 0.47 1.93 10.8 5.84 0.54 0.6 
E16 0.62 0.7 0.07 0.55 2.39 1.9 0.21 0.23 
J1 1.57 4.33 0.04 0.47 1.06 1.54 0.02 0.07 
J8 1.33 3.83 0.19 1.93 4.98 4.68 0.06 0.31 
K3 0.24 0.5 0.01 0.21 0.64 0.95 0.04 0.09 













 E8 0.98 0.2 0 0.02 0.2 0.3 0.04 0.01 
E16 0.59 0.27 0 0.01 0.25 0.37 0.03 0.01 
J1 0.26 0.23 0 0.02 0.27 0.28 0.05 0 
J8 0.24 0.15 0 0.01 0.19 0.37 0.03 0 
K3 0.27 0.23 0 0 0.23 0.34 0.04 0 









E8 27.2 49.2 0.02 0.05 0.16 0.1 0.01 0 
E16 14.7 21.6 0.01 0.02 0.08 0.06 0.18 0 
J1 22.2 38.3 0 0.01 0.03 0.03 0.02 0 
J8 19.7 44.1 0.01 0.02 0.08 0.05 0.08 0 
K3 17.0 33.3 0.01 0.03 0.11 0.07 0.07 0 















E8 26.5 39.3 0.1 0.29 1.04 1.14 0.02 0 
E16 28.1 44.5 0.03 0.08 0.26 0.3 0.16 0 
J1 17.3 30.6 0.04 0.12 0.46 0.57 0.02 0 
J8 20.4 42.4 0.07 0.28 1.42 1.63 0.05 0 















E8 32.7 45.0 0.18 0.47 1.33 1.36 0.11 0 
E16 30.4 43.0 0.24 0.51 1.81 2.04 0.04 0 
J1 19.3 37.5 0.03 0.13 0.32 0.41 0.01 0 
J8 18.1 38.7 0.17 0.52 1.85 2.33 0.04 0 
K3 20.8 38.2 0.09 0.26 1.06 1.3 0.04 0 
Abbreviations: bac. = bacterial, arc. = archaeal, euk. = eukaryotic 
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Number of read 
pairs that 






Number of read 
pairs that did 


















 E8 27324169 54.1 27030942 49.7 
E16 13507889 29.1 36496562 73.0 
J1 7463235 31.8 17904623 70.6 
J8 11790965 48.1 14372339 54.9 
K3 6693060 28.1 18831245 73.8 








E8 17944156 55.4 17796328 49.8 
E16 12444474 22.9 48254508 79.5 
J1 8406711 51.8 9015498 51.7 
J8 14076261 53.2 14335145 50.5 
K3 8241143 35.8 17198065 67.6 














E8 9702226 31.5 25764324 72.6 
E16 9904643 28.2 30855787 75.7 
J1 8487459 41.4 13754480 61.8 
J8 13093222 46.1 17433280 57.1 















E8 12184360 33.6 29236768 70.6 
E16 18169964 27.5 58259939 76.2 
J1 9920041 44.8 14257436 59.0 
J8 11009833 43.9 15764137 58.9 





Table S6. Secondary metabolite genes with highest expression in ANG and JC metatranscriptomes. Expression values are TPM 














Average expression (TPM) 
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Day 10 JC 
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Table S7. Highest expressed biosynthetic secondary metabolite genes in ANG and JC metatranscriptomes. Expression values 












Average expression (TPM) 
ANG Day 0 JC 
Day 10 JC 
Control 
Day 10 JC 
Challenge 
ANG, Day 0 
JC, Day 10 JC 
Challenge, 
Day 10 JC 
Control 
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ANG, Day 10 
JC Challenge, 
Day 10 JC 
Control 
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11 HSL 3 
5,486.5 ± 
12,924.1 





144 HSL 39 
10,665.9 ± 
10,869.2 





32 HSL 8 
3,796.6 ± 
6,189.4 





Day 0 JC, Day 
10 JC 
Challenge, 
Day 10 JC 
Control 








Day 0 JC 





417.2 ± 489.5 215.0 ± 222.2 
Day 0 JC, Day 
10 JC 
Challenge 











Day 10 JC 
Challenge, 
Day 10 JC 
Control 
1 119 other 2 
1,719.8 ± 
2,223.7 






125 NRPS 1 
2,540.0 ± 
4,289.3 
1,332.3 ± 977.7 536.6 ± 417.8 596.6 ± 520.2 
190 HSL 6 
3,680.6 ± 
7,758.2 
201.1 ± 255.3 933.8 ± 1,261.4 424.7 ± 528.2 
Day 0 JC 4 







497.4 ± 781.3 





234.8 ± 177.6 304.9 ± 443.5 
200 other 2 
2,222.5 ± 
2,434.1 
1,512.0 ± 699.0 890.8 ± 737.2 804.4 ± 807.3 





959.7 ± 895.7 734.3 ± 563.8 
Day 10 JC 
Control 
1 54 HSL 188 132.1 ± 323.7 179.1 ± 438.7 
2,460.0 ± 
5,466.5 























autoinducer synthase [Ruegeria 
conchae] 
98.59% 0 100% WP_010442078.1 
25 25 other 
16 kDa heat shock protein A 
[Phaeobacter italicus] 



















51 63 other 
hypothetical protein [Chthoniobacter 
flavus] 













non-ribosomal peptide synthetase 
[Acidobacteria bacterium] 
32.04% 0 98% PYS22425.1 
77 7 other 
sigma-70 family RNA polymerase 
sigma factor [Coraliomargarita 
akajimensis] 
69.36% 7.00E-84 100% WP_013043527.1 
77 8 other 
DUF3520 domain-containing protein 
[Coraliomargarita akajimensis] 
57.08% 0 98% WP_013043526.1 
82 1 other 
cold-shock protein [Ruegeria sp. 
6PALISEP08] 
98.53% 2.00E-42 100% WP_050602026.1 




non-ribosomal peptide synthetase 
[Nostoc flagelliforme] 
35.81% 0.00E+00 96% WP_100901985.1 
119 2 other 
Hypothetical protein EAZ71_12040 
[Verrucomicrobium bacterium] 










arthrofactin-type cyclic lipopetide 
synthetase C [Pseudomonas poae] 




amino acid adenylation domain-


















autoinducer synthase [Ruegeria sp. 
ANG-S4] 
99.65% 0.00E+00 100% WP_039529872.1 










transferase [Clostridiales bacterium 
GWD2_32_19] 
44.55% 4.00E-66 85% OGO83292.1 
194 16 other 
TPA: sensor histidine kinase 
[Selenomonas sp.] 





protein [Verrucomicrobiae bacterium 
DG1235] 
37.21% 3.00E-33 83% WP_008098542.1 
194 24 other 
PEP-CTERM sorting domain-
containing protein [Geobacter sp.] 













AMP-binding protein [Candidatus 
Thiosymbion oneisti] 
54.01% 0.00E+00 93% WP_089724116.1 
207 4 other 
VOC family protein 
[Verrucomicrobia bacterium] 















39.83% 2.00E-65 94% WP_013374773.1 
198 
 






protein [Verrucomicrobiae bacterium 
DG1235] 
36.51% 6.00E-34 81% WP_008098542.1 
220 30 other 
PEP-CTERM sorting domain-
containing protein [Geobacter sp.] 
33.09% 6.00E-23 97% RQW83478.1 
229 16 other 
hypothetical protein 
[Cellulosilyticum ruminicola] 
33.71% 0.68 58% WP_054739542.1 
253 574 other 
cold-shock protein [Cribrihabitans 
marinus] 
92.54% 1.00E-39 98% WP_092362673.1 
199 
 
Table S9. Significantly different average gene expression comparisons for secondary metabolite biosynthetic genes. Adjusted p 
values are from a mixed-effects model analysis with Tukey multiple comparisons. All other comparisons from heatmaps in Fig. 2-4 
are not significantly different. Top blastp hit for each gene is also shown. 
















Function Organism %ID E-value 
HSL 22 171 279 










NRPS 1 220 22 
Day 0 JC vs. 











NRPS 1 220 22 
Day 0 JC vs. 











NRPS 2 194 15 
Day 0 JC vs. 












NRPS 2 194 15 
Day 0 JC vs. 
















Table S10. Top 20 most highly expressed genes from the Verrucomicrobia PD13 Bin 1 MAG and those genes which are high 











Day 0 JC , 
 
Day 10 JC 
Control, 
 









43.7 3.40E-78 RCL36448.1 
6666666.429098. 
peg.1585 
UPF0301 protein YqgE 
YqgE/AlgH family protein 
[Verrucomicrobia 
bacterium] 






























ABC transporter C family 
member 8 [Ananas comosus] 
27 8 OAY83979.1 
6666666.429098. 
peg.1070 
PBS lyase HEAT 
domain-containing 
protein 















lactonizing enzyme family 

















































50 1.5E-88 OGH56740.1 
ANG,  
Day 10 JC 
Control, 









phage shock protein A 
[Nitrospira bacterium 
SG8_3] 




family protein BA0301 
band 7 protein 
[Verrucomicrobia 
bacterium] 
64.8 1.5E-111 PYJ02783.1 
Day 0 JC, 
Day 10 JC 
Control, 



















50.9 5.6E-22 PYJ42333.1 
ANG,  















and protease LexA (EC 
3.4.21.88) 
LexA repressor [Candidatus 
Moanabacter tarae] 









79.5 2.5E-29 KRP36679.1 
Day 10 JC 
Control, 





RNA polymerase sigma 
factor RpoE 
sigma-70 family RNA 
polymerase sigma factor 
[Coraliomargarita sp. 
TMED73] 

















33.2 4.3E-125 AWT60449.1 
6666666.429098. 
peg.4033 









49.5 3.4E-17 OHE83810.1 
6666666.429098. 
peg.2837 
Acyl carrier protein 
acyl carrier protein 
[Verrucomicrobia 
bacterium] 




































54.9 2.3E-71 RKX34075.1 







sensor histidine kinase 
[Gammaproteobacteria 
bacterium] 




Table S11. Significantly different average gene expression comparisons for Verrucomicrobia PD13 Bin 1 genes. Adjusted p 
values are from a mixed-effects model analysis with Tukey multiple comparisons. All other comparisons from heatmaps in Fig. 7-8 












































GDP-L-fucose synthetase Day 0 JC vs. Day 10 JC Control -7.821 0.0457 
Sialic acid 2 
6666666. 
429098.peg.724 
Predicted sialic acid transporter 


















































oxidoreductase, Type III 








Sulfur carrier protein FdhD 








Flagellar basal-body rod protein 
FlgG 







repressor protein FlbT 
ANG vs. Day 10 JC Challenge 10.36 0.0084 
TIV Pili 1 
6666666. 
429098.peg.2419 
Type IV fimbrial assembly 
protein PilC 
Day 0 JC vs. Day 10 JC Control 143.8 0.0417 
TIV Pili 1 
6666666. 
429098.peg.2419 
Type IV fimbrial assembly 
protein PilC 
Day 0 JC vs. Day 10 JC 
Challenge 
111.1 0.0161 
TIV Pili 2 
6666666. 
429098.peg.1575 
Type IV fimbrial assembly, 
ATPase PilB 
Day 0 JC vs. Day 10 JC 
Challenge 
-69.07 0.0241 
TIV Pili 5 
6666666. 
429098.peg.3806 
Type IV fimbrial assembly, 
ATPase PilB 








transport system, ATPase 
component 






























AttH of AttEFGH ABC 
transport system 




Ferrous iron transport protein B 











channel family protein 




Na(+) H(+) antiporter subunit D 








Oligopeptide ABC transporter, 
periplasmic oligopeptide-
binding protein OppA 







binding protein OppD 






Predicted sialic acid transporter 






Putative nucleoside transporter 
yegT 








RND efflux system, inner 
membrane transporter 




RND efflux system, inner 
membrane transporter 
































transport system, large 
permease component 






Trk potassium uptake system 
protein TrkH 


























































































































Putative protein related to 
sulfatases 

































































GH10 / hypothetical protein 









GH109 / probable NADH-
dependent dyhydrogenase 







GH109 / hypothetical protein 









GH109 / hypothetical protein 














































GH117 / hypothetical protein 









GH127 / Neopullulanase (EC 
3.2.1.135) 







GH127 / Uncharacterized 
glycosyltransferase YcjM 









GH13 / Arylsulfatase (EC 
3.1.6.1) 







GH13 / Arylsulfatase (EC 
3.1.6.1) 







GH16 / Arylsulfatase (EC 
3.1.6.1) 







GH16 / Arylsulfatase (EC 
3.1.6.1) 







GH16 / Beta-glucanase 
precursor (EC 3.2.1.73) 









GH16 / Beta-glucanase 
precursor (EC 3.2.1.73) 











GH16 / Beta-glucanase 
precursor (EC 3.2.1.73) 







GH16 / beta-galactosidase (EC 
3.2.1.23) 







GH17 / alpha-L-fucosidase (EC 
3.2.1.51) 







GH2 / alpha-L-fucosidase (EC 
3.2.1.51) 







GH2 / alpha-L-fucosidase (EC 
3.2.1.51) 









GH29 / alpha-L-fucosidase (EC 
3.2.1.51) 





















GH3 / alpha-galactosidase (EC 
3.2.1.22) 









GH31 / alpha-galactosidase (EC 
3.2.1.22) 
















GH4 / putative cellulase family 











GH49 / hypothetical protein 

























(amylomaltase) (EC 2.4.1.25) 









GH51 / Putative large secreted 
protein SCO0341 









GH77 / hypothetical protein 









GH95 / Bactoprenol glucosyl 
transferase 









GH97 / Bactoprenol glucosyl 
transferase 









GT2 / Polyketide synthase 
modules and related proteins 







GT2 / hypothetical protein 









GT2 / hypothetical protein 
























GT26 / hypothetical protein 















Table S12. Significantly differentially expressed genes in Verrucomicrobia PD13 Bin 1 MAG mapped reads. These values 

















Day 0 JCs 




















Day 0 JCs 
v. 
Day 10 
control JCs  
10575.26 4811.17 2.73 1.13 
1.47E-
14 
Hypothetical protein NA NA NA NA 








NA NA NA NA 


























5.22 10.79 -0.30 -1.04 0.049 hypothetical protein NA NA NA NA 
4.32 1.89 0.28 1.18 0.049 hypothetical protein NA NA NA NA 






control JCs  
1030.41 41.85 2.85 4.62 
1.35E-
09 
hypothetical protein NA NA NA NA 




NA NA NA NA 
3268.55 9553.59 -1.83687 -1.54 0.033 hypothetical protein NA NA NA NA 
717.20 1998.87 -2.20654 -1.47 0.033 8-amino-7-oxononanoate synthase    
1557.83 2983.67 -1.80236 -0.93 0.035 Thioredoxin reductase    
2580.79 594.96 2.572381 2.11 0.037 
TonB-dependent 
receptor 
NA NA NA NA 
1095.32 6566.86 -1.85339 -2.58 0.038 hypothetical protein NA NA NA NA 
3788.72 144.48 2.578175 4.71 0.041 hypothetical protein NA NA NA NA 
1108.23 3045.51 -1.7706 -1.45 0.043 
Protein yceI 
precursor 
NA NA NA NA 
205.98 731.67 -1.76097 -1.82 0.045 hypothetical protein NA NA NA NA 





3960.14 1684.17 2.581636 1.23 
2.71E-
10 
hypothetical protein NA NA NA NA 
2451.11 288.05 2.545744 3.08 
8.90E-
08 
hypothetical protein NA NA NA NA 
3309.89 865.65 2.099443 1.93 0.022 hypothetical protein NA NA NA NA 
536.02 49.01 2.094391 3.45 0.023 hypothetical protein NA NA NA NA 






NA NA NA NA 
2678.58 693.11 2.062502 1.95 0.029 hypothetical protein NA NA NA NA 
6363.22 947.53 2.05369 2.74 0.031 
DNA-binding 
protein HU-beta 
NA NA NA NA 
24145.04 7911.55 1.995021 1.61 0.046 hypothetical protein NA NA NA NA 
1415.11 278.76 1.812158 2.34 0.046 hypothetical protein NA NA NA NA 






5977.77 288.1883 4.024468 4.374526 
6.38E-
14 
hypothetical protein NA NA NA NA 
3749.52 121.92 2.75 4.94 0.00049 hypothetical protein NA NA NA NA 










 The bacterial symbionts of the ANG play a role in egg defense over the course of embryo 
development in Euprymna scolopes. While it has been shown that a metabolically active jelly 
coat community is necessary to protect against fungal/bacterial infections in eggs (Appendix I), 
the mechanisms behind this protection have not been described. This dissertation has 
demonstrated that ANG/JC symbionts can inhibit marine bacteria and fungi in vitro and express 
biosynthetic genes for several classes of secondary metabolites, including nonribosomal peptide 
synthetases, polyketide synthases, and bacteriocins. These classes of metabolites are known to 
produce defensive bioactive compounds in other symbioses (31), but the exact compounds 
produced in the ANG/eggs remains to be characterized, although some known and putative 
compounds have been identified (85)(Chapter 1, Appendix I) . With the symbionts already in 
culture, biosynthetic gene clusters that were similar to those expressed in the ANG/JC can be 
knocked out to assess if antimicrobial activity is also lost. Mutants lacking these secondary 
metabolite gene clusters could be used to colonize ANGs and determine if eggs that receive these 
symbionts are more vulnerable to infections.  
 The similar expression of secondary metabolite biosynthetic genes in the ANG and egg 
JCs suggests that bioactive compounds are continuously made by the bacterial symbionts. 
Although the exact compounds are not known, short half-lives or continuous diffusion into the 
surrounding seawater may necessitate that these compounds be produced continuously while the 
bacteria are in association with the host. Comparative studies of gene expression under host-like 
conditions versus free-living, seawater conditions in symbionts may reveal that some host factors 
are required for heightened expression of secondary metabolites. To gain a better understanding 
of what is regulating bacterial gene expression, however, more research is needed to understand 
the host microenvironments of both the ANG and eggs. 
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 Analyzing the ANG metagenomes and ANG/JC metatranscriptomes revealed new 
information about symbionts that have not yet been cultured. Metagenome-assembled genomes 
(MAGs) were recovered from several Verrucomicrobia strains, as well as Alterythrobacter, 
Mesorhizobium, and Vibrio strains. While only one Verrucomicrobia strain was discussed in 
depth in this dissertation, examining gene expression of this MAG revealed some of the carbon 
sources that this strain may be utilizing in the ANG and eggs. As has been done previously 
(232), using this metatranscriptome data to guide media development may allow for the culturing 
of Verrucomicrobia and other currently uncultured ANG/JC community members.  
 A well-timed and well-researched chemical dialogue occurs between Vibrio fischeri and 
the light organ tissue in E. scolopes, and parallels from this symbiosis may also occur in the 
ANG symbiosis. Studies of the pH, viscosity, and immune molecules in the light organ tissue 
have all revealed important factors that drive colonization events for V. fischeri and the 
conditions under which it produces light [reviewed in (89)(94)(233)]. Characterizing the micro-
environment of the ANG tubules and egg jelly coat will be important next steps in 
complimenting the bacterial metatranscriptomes. While this dissertation has focused primarily on 
prokaryotic gene expression, host transcripts were also generated for matching eukaryotic ANG 
samples. More analyses will be needed to examine these host transcripts for biosynthesis genes 
of other potential symbiont nutrient sources. These transcripts could also be used to better 
characterize mucin production in the ANG.  
 This research has provided pathways, both in symbiont primary and secondary 
metabolism, that can serve as the focus for future research into host colonization and community 
function. Metagenomic sequencing provided new genomes which allowed for a more complete 
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picture of the community’s metabolic potential, while coupled metatranscriptomic sequencing 





Shielding the next generation: symbiotic bacteria from a reproductive organ use chemical 
defense to protect eggs from fungal fouling 
 
Significant contributions: 
Significant contributions to this chapter were made by other researchers. Allison Kerwin 
(Department of Molecular and Cell Biology, University of Connecticut) performed antibiotic 
clutch experiments, egg component experiments, TEM, 16S rRNA gene sequencing and wrote 
portions of the paper. Sal Frasca (Department of Pathobiology and Veterinary Science, 
University of Connecticut) and Deanna Sutton (Fungal Testing Laboratory, San Antonio, TX), 
isolated and identified F. keratoplasticum, and provided an additional laboratory strain for 
extract testing. Kerry O’Donnell (National Center for Agricultural Utilization Research, 
Agricultural Research Service, Peoria, IL), completed MLST of the F. keratoplasticum isolates 
from CT and HI, provided the fungal phylogeny, and wrote a portion of the paper. Samantha 
Gromek and Marcy Balunas (Department of Pharmaceutical Sciences, University of 
Connecticut) obtained organic extracts, performed extract antifungal assays, generated molecular 
networks, and wrote portions of the paper. Spencer Nyholm (Department of Molecular and Cell 
Biology, University of Connecticut) contributed to experimental design, performed clutch 
experiments in HI, and wrote portions of the paper. My contribution was the isolation of 
ANG/JC strains used for organic extractions, performing antifungal well-diffusion assays, 
repeating antibiotic clutch experiments, obtaining egg samples for mass spec, and writing 





The importance of defensive symbioses, whereby microbes protect hosts through the 
production of specific compounds, is becoming increasingly more evident. Although defining the 
partners in these associations has become easier, assigning function to these relationships often 
presents a significant challenge. Here we describe a functional role for a bacterial consortium in 
a female reproductive organ in the Hawaiian bobtail squid, Euprymna scolopes. Bacteria from 
the accessory nidamental gland (ANG) are deposited into the egg jelly coat (JC) where they are 
hypothesized to play a defensive role during embryogenesis. Eggs treated with an antibiotic 
cocktail developed a biomass primarily composed of the pathogenic fungus Fusarium 
keratoplasticum that infiltrated the JC, resulting in severely reduced hatch rates. Experimental 
manipulation of the eggs demonstrated that the JC was protective against this fungal fouling. A 
large proportion of the bacterial strains isolated from the ANG or JC inhibited F. 
keratoplasticum in culture (87.5%), while a similar proportion of extracts from these strains also 
exhibited antifungal activity against F. keratoplasticum and/or the human pathogenic yeast 
Candida albicans (72.7%). Molecular network analyses of active extracts of bacterial isolates 
and egg clutches revealed compounds likely involved with preventing microbial overgrowth. 
Several secondary metabolites were identified from ANG/JC bacteria and egg clutches, including 
lincomycins, glycerophosphocholines, and mycinamicin-like compounds, some of which 
inhibited F. keratoplasticum in vitro. These results shed light on a widely distributed but poorly 
understood symbiosis in cephalopods and offer a new source to explore bacterial secondary 






Defensive symbioses are found in a number of host-microbe associations, wherein 
secondary metabolites derived from beneficial microbes are often used to inhibit other 
microorganisms or to protect the host from predation (54, 234–237). This phenomenon has been 
well studied in insect associations, for example in a number of beetle species, termites, fungus-
farming ants and in the protection of beewolf larvae (6, 31). Many organisms lay their eggs in an 
environment where successful embryogenesis depends on minimizing fouling by 
microorganisms. Aquatic organisms are especially susceptible to fouling because their eggs are 
under constant exposure to high densities of microorganisms, including over 106 bacterial 
cells/mL and 103 fungal spores/mL in most coastal seawater (238). Given that cephalopod 
embryogenesis can often take weeks to months (78–80) and biofilms can generally form in a 
matter of hours to days, mechanisms must be present to prevent microbial growth on externally 
laid eggs. 
Many female cephalopods maintain a symbiotic bacterial community within their 
reproductive system in an organ known as the accessory nidamental gland [ANG, Fig. 1A-B, 
(65)]. The ANG community is composed predominantly of Alphaproteobacteria, 
Gammaproteobacteria, and Verrucomicrobia, depending on the cephalopod species (68, 69, 71–
73, 239). These bacteria are added to the egg jelly coat (JC, Fig. 1C) prior to clutch deposition on 
the substrate, after which the bacterial community is typically stable through embryogenesis 
(72). As the eggs do not receive parental protection, they face potential threats from fouling 
microorganisms and/or predation. Many hypotheses have been proposed for the functional role 
of the ANG bacteria, including assisting in sexual maturation of the host (75), contributing to 
formation of the egg capsule (65, 240), or providing protection for the developing embryos 
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against pathogenic or fouling organisms (70). However, while the antibacterial activity of a few 
specific ANG/JC bacterial isolates and the whole ANG have been implicated (85, 241), the 
function of this association remains uncharacterized.  
Demonstrating function in host-microbe associations can prove difficult, necessitating 
tractable experimental models and diverse approaches (242). The Hawaiian bobtail squid, 
Euprymna scolopes, offers just such an experimental model for studying symbiotic interactions. 
E. scolopes is well-known for its association with the light organ symbiont Vibrio fischeri, and 
more recently for its ANG consortium (72, 87). The hosts are easily maintained in the laboratory 
with minimal effect on the composition of the ANG bacterial community (69, 72), which is 
dominated by Alphaproteobacteria from the Rhodobacteraceae, mostly Leisingera spp., as well 
as Verrucomicrobia (69, 72, 239). The ease of maintaining this squid in the laboratory and the 
stability of its ANG community in captivity and throughout embryogenesis (72) makes this 
system ideal for investigating the function of ANG bacteria in cephalopods. 
Here we present evidence for the role of the ANG bacterial consortium in cephalopod 
reproduction, integrating knowledge of community composition, functional ecology, chemistry, 
and natural product discovery to begin to understand the role of bacterial members within the 
symbiosis. Using antibiotic treatment and egg manipulation, we demonstrate that ANG bacteria 
from E. scolopes provide resistance to fouling fungi. In addition, the majority of bacterial strains 
isolated from the ANG or eggs, as well as extracts from those strains, inhibited the fungus 
Fusarium keratoplasticum and/or the yeast Candida albicans. Microbial interaction-driven 
molecular network analyses revealed potential compounds that may be involved in preventing 





Antibiotic Clutch Experiments 
Adult female Euprymna scolopes were collected from a protected sandflat in Maunalua 
Bay, Oahu, HI (21°26'3.36" N, 157°47'20.78" W) and were shipped to the University of 
Connecticut to be maintained in aquaria. Egg clutches laid in captivity by these squid were split 
into similarly sized groups and placed in aerated filter-sterilized artificial seawater (FSASW). 
One group was treated with an antibiotic cocktail (25 µg/mL each of penicillin G, kanamycin, 
spectinomycin, streptomycin, and gentamicin, n=5) and monitored over a four-week period with 
daily water changes with fresh antibiotics added. A second group from the same clutch was 
untreated and maintained under the same conditions without the addition of the antibiotic 
cocktail (n=5). Clutches were maintained in a water bath at 25-27 °C for the duration of 
experiments. The viability of each group was determined once hatching was complete by 
dividing the number of unhatched eggs by the number of total eggs (number of unhatched eggs 
added to the number of juveniles hatched). The health of a subset of hatched juveniles was 
checked by inoculating the water with the light organ symbiont, Vibrio fischeri, and monitoring 
colonization using previously described methods (224). Percent hatch was compared between 
untreated and antibiotic-treated clutches using a paired two-tailed t-test.  
The effect of antibiotic cocktail on embryo health was assessed by placing eggs under 
conditions that would not promote the growth of fungi. Clutches (n=3 for each group) were 
placed in a laminar flow hood with 0.22 µm FSASW and covered for the duration of the 
experiment. All equipment was UV sterilized for a minimum of one hour prior to the addition of 
eggs. Clutches were aerated with pumps placed inside the laminar flow hood to prevent airborne 
contaminants from entering the water. FSASW was changed and fresh antibiotic cocktail was 
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added every 2-3 days. Associated untreated controls from the same original clutches received no 
antibiotic cocktail. In a separate experiment, groups of clutches with and without antibiotic 
treatment were maintained under lower temperatures (15-20 °C) to prevent fungal growth (n=4). 
Neither growth nor germination of F. keratoplasticum FSSC-2g were observed under these 
conditions. The viability of each clutch was determined as described above. 
To test antibiotic treatment under more natural conditions, clutches deposited by a wild-
caught female bobtail squid were maintained in a tank with running unfiltered Hawaiian 
seawater and sand at Kewalo Marine Laboratory, Oahu, HI. These clutches (n=3) were divided 
into two groups; treatment with 25 µg/mL of antibiotic cocktail and an untreated control. 
Clutches were maintained for one week in an aerated beaker with daily water changes and fresh 
antibiotics in the treatment group. After one week, both groups were transferred back to a tank 
with running seawater for the remainder of embryogenesis. The untreated group had 94% 
viability, while the antibiotic-treated section had 10% clutch viability and developed heavy 
fouling. 
In order to test the effects of treatment using a different antibiotic, clutches were either 
treated with chloramphenicol (20-25 µg/mL), left untreated, or treated with ethanol or water only 
(solvent controls for chloramphenicol). Laminar flow hood experiments were repeated as 
described above. Because chloramphenicol was determined to have a negative impact on hatch 
rates (Figure S2), all subsequent experiments were conducted with the antibiotic cocktail. 
 
Fungal Isolation and Characterization. Fusarium keratoplasticum FSSC-2g (CT 12-1807) was 
originally isolated from antibiotic treatment experiments as described above. F. keratoplasticum 
FSSC-2i (HI 66667) was isolated from experiment conducted in natural Hawaiian seawater as 
224 
 
described above. The outer capsule of an egg that did not hatch and a decapsulated egg 
containing a viable embryo from the antibiotic-treated section were both plated onto seawater 
tryptone [SWT, (91)] to sample fungi.  
Fungal cultures were further isolated on inhibitory mold agar with 0.05 g/L gentamicin. 
Initial identification of fungal isolates occurred by analysis of morphologic characteristics on 
carnation leaf agar and DNA sequence analysis of the ITS-1 region of rRNA. PCR was 
performed using two general fungal ITS-1 primers (ITS-5, 5'-
GGAAGTAAAAGTCGTAACAAGG-3'; ITS-2, 5'-GGAAGTAAAAGTCGTAACAAGG-3', 
41) and GoTaq polymerase (Promega, Madison, WI) with the following profile conditions: initial 
denaturation for 3 min at 95 °C; 30 cycles of denaturation for 30 sec at 95 °C, annealing for 30 
sec at 62 °C, and elongation for 1 min at 72 °C. PCR products were sequenced in both directions 
and identified as F. keratoplasticum via databases BLASTn analysis at NCBI 
(http://www.ncbi.nlm.nih.gov/BLAST/) and RDP (http://rdp.cme.msu.edu/seqmatch). 
Portions of three loci (TEF1, RPB2, ITS + LSU rDNA) were used to identify three 
Fusarium strains used in the present study as F. keratoplasticum following a published protocol 
(243). Arabic numerals and lowercase roman letters, respectively, identify species and unique 3-
locus haplotypes (Fig. S3). Maximum parsimony (MP) and maximum likelihood (ML) 
phylogenetic analyses were conducted, respectively, with PAUP* 4.0b10 (244) and GARLI 2.01 
(245). MP analyses were conducted using the heuristic search option, the tree bisection–
reconnection (TBR) branch-swapping algorithm with MULPARS on and 1000 random sequence 
addition replicates. The CIPRES Science Gateway TeraGrid (https://www.phylo.org/) (246) was 
used to conduct the ML analysis employing the GTR + I + Γ model of molecular evolution.  




Egg Component Experiments. A method developed for harvesting conidia of Fusarium 
oxysporum (247) was modified for use with F. keratoplasticum. Fusarium keratoplasticum 
FSSC-2g was grown on a rotary shaker for 3-5 days in SWT supplemented with 50 μg/ml 
chloramphenicol at 30 °C. The culture was then strained through sterile gauze and centrifuged 
for 10 min at 3,200 x g. Conidia were rinsed twice with sterile water and re-pelleted after each 
wash followed by resuspension in one-fifth of the starting volume of sterile water. Conidia were 
quantified using a hemocytometer and correlated with OD530 to determine a conversion factor of 
3x106 conidia/mL/OD530. Refrigeration for up to one week was found to have no effect on 
conidial viability. 
 E. scolopes eggs from one clutch were dissected using sterile forceps into three groups: 
intact eggs, eggs lacking outer capsule, and eggs lacking outer capsule and jelly coat (n=4 
separate trials; 8-10 eggs/group). Initial dissections were completed at day 5 of embryogenesis, 
as earlier dissection prevented embryo development. Each group was challenged with F. 
keratoplasticum FSSC-2g, 104 conidia/mL over the course of embryogenesis, which is 
approximately an order of magnitude higher than eggs would be likely to encounter naturally 
(238). Eggs were maintained in FSASW with aeration, and water changes with fresh conidia 
were conducted every 2-3 days. For two of the four trials, two eggs from each group were 
sampled and monitored every 3-4 days for the presence of fungal hyphae. 
 
Transmission Electron Microscopy. Fungal fouled eggs that had been treated with antibiotics 
were prepared for TEM by first decapsulating the eggs and then fixing and embedding using 
established protocols [n=3, (9,10)]. Control eggs were not exposed to antibiotics (n=3). Briefly, 
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eggs were fixed (2.5% gluteraldehyde/2% paraformaldehyde solution) and stained with a 
solution of 1% osmium – 0.8% potassium ferricyanide. Eggs were embedded in Spurr’s epoxy 
resin and sectioned on a Leica UCT Ultramicrotome (Leica Microsystems, Buffalo Grove, IL) 
into 90 nm ultrathin sections. Samples were imaged on an FEI Technai Biotwin transmission 
electron microscope (FEI, Hillsboro, OR).  
 
Antibiotic-treatment Effects on Bacterial Communities. Antibiotic-treated clutches were 
maintained in a laminar flow hood to prevent infection as described above. FSASW was changed 
every two-three days and fresh antibiotics were added. Five eggs from the same clutch (n=5 
clutches) were sampled on days 0, 10, and 15 of embryogenesis. JCs were isolated by first 
surface sterilizing in ethanol, followed by homogenization in filter-sterilized squid Ringer’s 
solution [FSSR, (69)], and then plated on SWT to quantify culturable JC bacterial abundance. 
Differences in abundance between antibiotic-treated JCs and untreated JCs were analyzed via 
paired two-tailed t-tests for each time point (Fig. 1L).  
The fungal biomasses that formed on clutches treated with antibiotics were homogenized 
in FSSR (n=12) and bacterial DNA from these samples was extracted using the DNeasy Blood 
and Tissue kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol. DNA 
concentration was determined using the Qubit® dsDNA High Sensitivity assay (ThermoFisher 
Scientific Inc., Waltham, MA) and averaged 1.13 ± 0.79 ng/μl. The V4 region of the 16S rRNA 
gene was sequenced on an Illumina MiSeq (Illumina, San Diego, CA, USA) following 
established protocols (72)(248)(249). Sequence data were analyzed using QIIME (250) and 
NMDS plots of Bray Curtis beta-diversity analyses were created in R using the VEGAN package 
(251) as previously described (72). Sequence data were compared to ANG/JC community data 
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previously published under the project ID ENA PRJEB14655, accession numbers ERS1498392 
to ERS1498398, ERS1496666 to ERS1496676, and ERS1496678 to ERS1496722 (72). Bacterial 
sequences from the fungal biomasses were deposited in the European Nucleotide Archive (ENA) 
under the project ID PRJEB23346.  
 
Well Diffusion Assay. Bacterial isolates from the ANG and JC were obtained from previous 
studies (69)(103)(85) and this study (Table S1) by homogenization in FSSR and plating serial 
dilutions on SWT and R2A media. Isolates from this study were identified to the genus level by 
Sanger sequencing of the 16S rRNA gene using universal primers [27F and 1492R, (119)], and 
BLASTn search of the 16S rRNA NCBI database.  
ANG/JC isolates were assayed for their ability to inhibit F. keratoplasticum FSSC-2g on 
SWT or SWT without glycerol (SWTng) agar plates using an adaptation of the plate diffusion 
assay described by Fraune et al. (235). SWTng media was tested since glycerol can inhibit 
secondary metabolite production in some bacteria (252). Isolates were grown in 3.0 mL SWT or 
SWTng broth at 30 °C, shaking at 120 rpm, until cultures reached stationary phase as measured 
by OD600. A sterile 6.0 mm diameter borer was used to make wells in the agar and 60 µl of each 
isolate culture was added to wells on separate plates. These plates were incubated for 48 hours at 
26 °C to allow the isolate to form a biofilm around the walls of the well. F. keratoplasticum was 
then added to the wells at 104 conidia/mL and plates were further incubated under the same 
conditions for an additional four days. After incubation, plates were photographed and the area 
of visible hyphal growth was measured using the image analysis software program FIJI (120). 
Cyclohexamide (1000 µg/mL) was used as a positive control and SWT or SWTng broth (60 µl) 
was used as a negative control. Sterile water, which was used to dilute the F. keratoplasticum 
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conidial stock in this assay, was also used as an additional negative control. For each bacterial 
strain, assays were performed using three separate experimental replicates with three technical 
replicates per experiment. Inhibition was reported as percent of hyphal growth compared to 
hyphal growth in the broth negative control. The total number of isolates which fell into each 
inhibition category (Fig. S5b) was determined from both SWT and SWTng assay results. If 
degree of inhibition varied between media type, each isolate was only counted once and included 
in the stronger inhibition category.  
 
Culture and Extraction of Microbial Isolates. ANG and JC bacterial cultures were prepared 
for extraction using a modification of the previously described three step culture protocol (85). 
All bacteria were cultured in SWT media. Small-scale cultures were prepared by inoculating 2-3 
bacterial colonies into 5 mL of media, medium scale cultures utilized 1.5 mL of each small-scale 
culture into 50 mL of media, and large-scale cultures involved transfer of 15 mL of medium 
scale cultures into 500 mL of media. All cultures were incubated for 3 days at 28 °C while 
shaking at 200 rpm. 
Large-scale bacterial cultures were extracted as previously described (85). Briefly, pre-
washed Diaion HP20 resin (50 g, 10 % w/v; Supelco, Bellefonte, PA, USA) was added to 
sonicated cultures and allowed to incubate for 24 h at room temperature while shaking (125 
rpm). The resin and bacterial culture were then filtered, washed with water (discarded), and 
extracted with methanol (MeOH), dichloromethane (DCM), and acetone (2 x 150 mL; ACS 
grade, Sigma Aldrich, St. Louis, MO, USA). Combined organic extracts were concentrated in 
vacuo and partitioned with ethyl acetate and water to remove residual aqueous material. 
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Fusarium keratoplasticum FSSC-2g was also cultured and extracted for use in 
metabolomics experiments. F. keratoplasticum FSSC-2g was grown on SWT agar as described 
below and transferred into 50 mL of fresh SWT media. Pre-washed Diaion HP20 resin (5 g, 10 
% w/v) was added and incubated and extracted as described above, using 2 x 30 mL of each 
solvent.  
 
96-well Liquid Antifungal Assays. Bacterial extracts were tested for antifungal activity against 
F. keratoplasticum FSSC-2i, FSSC-2g, and FSSC-2d. Preparation of fungal inoculum followed 
previously described methodology (253) with each fungal isolate grown on SWT agar 
supplemented with 50 g/mL of chloramphenicol at 28 °C. Each culture was covered with 3 mL 
of media, probed with a loop, and transferred into 10 mL of fresh media. The fungal mixture was 
vortexed, allowed to settle, and the cell suspension below hyphae was transferred to a new 
Falcon tube. The cell suspension was adjusted to OD600 0.15-0.17 and diluted 1:50 with media to 
obtain a working solution. 
F. keratoplasticum assays were performed according to the Clinical and Laboratory 
Standards Institute (CLSI) M38-A2 (254) in 96-well flat bottom plates (Corning Costar, 
Kennebunk, ME, USA) with the following modifications. Each well consisted of 100 L of 
diluted fungal inoculum, 98 L of media, and 2 L of either positive control (amphotericin B, 
final testing concentration 4 g/mL), dimethyl sulfoxide (DMSO) negative control, or extract 
prepared in DMSO (final testing concentration 500 g/mL). Extracts and controls were tested in 
two separate experimental replicates with three technical replicates per experiment. Plates were 
read on a Synergy H1 Hybrid Reader (Biotek, Winooski, VT, USA) at 600 nm at 0 h, incubated 
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at 28 °C, and read again at 14 h. Percent growth was calculated in comparison with DMSO, the 
negative control.  
Bacterial extracts were also tested against the human fungal pathogen Candida albicans 
ATCC 18804 following CLSI M27-A2 (254) in 96-well flat bottom plates with the following 
modifications. Yeast colonies were selected from an agar plate and inoculated into 5 mL of 
RPMI media (Gibco®) supplemented with 2% glucose, and then adjusted to OD600 0.08-0.1 and 
diluted 1:10 with fresh media to obtain a working solution. Each well consisted of 100 L of 
diluted fungal inoculum, 98 L of media, and 2 L of either positive control (amphotericin B, 
final testing concentration 2.5 g/mL), DMSO negative control, or extract prepared in DMSO 
(final testing concentration 500 g/mL). Extracts and controls were tested in two separate 
experimental replicates with three technical replicates per experiment. Plates were read on a 
Synergy H1 Hybrid Reader at 600 nm at 0 h, incubated at 35 °C, and read again at 24 h.  
 
Fungal Challenge of Intact Egg Clutches. Egg clutches were divided into two portions, one of 
which served as an untreated control and the other challenged by 104 conidia/mL F. 
keratoplasticum FSSC-2g for 11 days in FSASW at room temperature with water changes and 
addition of fresh conidia every two-three days (n=4, of which one set of clutches was used for 
networking in Fig. 6). Experiments did not involve antibacterial treatment, leaving any JC-
associated bacteria intact and potentially capable of producing defensive metabolites. Challenged 
and control eggs (5 mL volume each) were separately extracted with 2:1 DCM:MeOH (7 x 50 
mL). Samples were sonicated, manually macerated with a metal spatula, and incubated for 
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10 min at room temperature, after which solvent was filtered, combined, and concentrated in 
vacuo. 
 
LC-MS/MS Analyses and Molecular Networking. Extracts from all clutches were analyzed 
via LC-MS/MS using a Waters Synapt G2-Si HDMS mass spectrometer coupled to a Waters 
Acquity ultra-high performance (UPLC) liquid chromatography system. Separations utilized a 
Waters Acquity UPLC HSS T3 column (2.1 x 150 mm, 1.8 M, 100Å) connected to an Acquity 
UPLC HSS T3 VanGuard pre-column (2.1 x 5 mm, 1.8 M, 100Å). Samples were prepared at 1 
mg/mL in a 1:1 mixture of methanol/water and analytes were chromatographically 
separated using a linear 0.45 mL/min gradient with the following conditions: 0.5 min hold at 
95% A (0.1% formic acid in water) and 5% B (0.1% formic acid in acetonitrile), 3.5 min ramp to 
60% B, 4 min ramp to 98% B, 1 min hold at 98% B, 0.2 min ramp back to 5% B and a re-
equilibration hold at 5% B for 1.8 min.  
Data were obtained using an 11 min Fast data dependent acquisition (Fast DDA) method 
with a 0.1 sec MS survey scan ranging from m/z 50-2000, followed by five 0.1 sec data-
dependent MS/MS scans of ions with intensities greater than 1000 as determined during 
the preceding scan event. Survey scans were acquired without collision energy (CE) and MS/MS 
scans were acquired using a linear two-stage low mass (0-20V) and high mass (10-40V) CE 
linear ramp. The instrument was operated in positive, resolution mode using the following 
parameters: 2 kV capillary voltage, 100 °C source temperature, 20V sampling cone, 800 L/hr 
desolvation gas flow, and 80V source offset. Lockspray real-time mass correction was turned 
on to achieve optimal mass accuracy by monitoring 556.2771 m/z and 120.0813 m/z ions from 
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simultaneous infusion of a 400 pg/L leucine enkephalin solution (0.1% formic acid in a 50% 
water, 50% methanol solution) with 0.1 sec scans, a 10 sec scan interval and 3 average scans per 
correction.  
Data were converted to mzML format using ProteoWizard package (255) and processed 
in GNPS: Global Natural Products Social Molecular Networking [http://gnps.ucsd.edu, (256)]. 
For the challenged clutch experiment, GNPS parameters were set to: minimum cosine similarity 
score of 0.65 with at least four matching peaks; parent mass tolerance of 1.0 Da; fragment ion 
tolerance 0.02 Da; and filter peaks in a 50 Da window was turned off. The first network with 
ANG and JC bacterial extracts utilized the same parameters with the exception of having a 
fragment ion tolerance of 0.3 Da. Active extracts (0-25% growth of at least one Fusarium spp.) 
were grouped for these analyses and included Labrenzia sp. ANG18, Leisingera sp. ANG-S2, 
Leisingera sp. ANG15, Ruegeria sp. ANG-R, Ruegeria sp. ANG10, Alteromonas sp. JC21, 
Pseudoalteromonas sp. JC22, and Vibrio sp. JC34. Inactive extracts ( 76% growth of all three 
Fusarium spp.) were grouped separately from active extracts and included Ruegeria sp. ANG17, 
Leisingera sp. ANG-M1, Leisingera sp. ANG-S, Leisingera sp. ANG-VP, Nautella sp. ANG-
M5, Leisingera sp. ANG-M7, Leisingera sp. ANG1, Ruegeria sp. ANG6, Leisingera sp. ANG-
DT, Leisingera sp. ANG-S3, Tateyamaria sp. ANG-S1, and Tenacibaculum sp. JC62. Files were 
imported into either Cytoscape 2.8.3 (nodes arranged with FM3 layout) or Cytoscape 3.5.1 
(nodes arranged using default layout) (257). 
Standards of the mycinamicins (generously provided by David Sherman, University of 
Michigan), lincomycins (Santa Cruz Biotechnology, Inc., Dallas, TX), and lyso-PAFs (Cayman 
Chemical, Ann Arbor, MI) were used to determine presence in clutch extracts using a Waters 
Xevo G2-XS QToF mass spectrometer coupled to a Waters Acquity UPLC. Separations utilized 
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a Waters Acquity UPLC HSS T3 column (2.1 x 50 mm, 1.8 M, 100Å) connected to an Acquity 
UPLC HSS T3 VanGuard pre-column (2.1 x 5 mm, 1.8 M, 100Å). Conditions were identical to 
those described above with the exception that MS/MS scans were acquired using a linear two-
stage low mass (10-40V) and high mass (40-80V) CE linear ramp. The instrument was operated 
in positive, sensitivity mode using the following parameters: 3 kV capillary voltage, 100 °C 
source temperature, and 30V sampling cone. Lockspray real-time mass correction used a 
simultaneous infusion of a 200 pg/L leucine enkephalin solution. High resolution MS (HRMS) 
data for features of interest were used to search the METLIN database (258) for matching 
metabolites with a mass defect within 20 ppm.  
 
 
Results and Discussion 
Antibiotic treatment of eggs leads to fungal fouling.  
To gain insights into the function of the JC bacteria, eggs were treated with an antibiotic 
cocktail (penicillin G, kanamycin, spectinomycin, streptomycin, and gentamicin, see SI 
Appendix, Experimental Procedures). The bacterial load in untreated eggs was similar to what 
had previously been described (72), while treated clutches experienced reduction in JC bacterial 
loads by 98 % throughout embryogenesis (Fig. 1L) and developed heavy biofouling (Fig. 1G-H). 
Untreated clutches kept under the same conditions did not develop any biofouling (Fig. 1D-E). 
Egg biofouling resulted in very low hatch rates, averaging 9 %, compared to 58 % for untreated 
clutches (t4=3.572, p=0.023, Fig. 2). The biomass was dominated by fungal hyphae interspersed 
with bacterial cells (Fig. 1J-K). Fungal fouling visible by eye typically appeared on antibiotic-
treated clutches between days 8-14 of embryogenesis (n=17 clutches, Fig. 1G-H). However, 
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fungal hyphae appeared on the antibiotic-treated egg surface as early as day 3 of embryogenesis 
(Fig. S1B) and developed into heavy biofouling by day 10 (Fig. S1H). The expanding fouling 
completely enveloped the clutch by day 15 (Fig. S1I-J). In contrast, no fungal hyphae appeared 
on untreated eggs from the same clutch at any point during development (Fig. S1E-G, K-M). 
Microconidia and hyphae were found dispersed throughout the JC layers but did not penetrate 
the chorion of antibiotic-treated eggs (Fig. 1I). The antibiotic-treated JCs also contained fewer 
bacterial cells compared to the JCs of untreated eggs (Fig. 1F, 1I, 1L). When eggs were treated 
with the antibiotic cocktail at a lower temperature of 15-20 °C (to inhibit fungal growth), or 
under sterile conditions, hatching success was similar to untreated eggs (Fig. 2). The resulting 
juveniles were also successfully colonized with the light organ symbiont, Vibrio fischeri. Thus, 
treatment with the antibiotic cocktail did not affect embryonic development or post-hatching 
bacterial light organ colonization. Treatment with chloramphenicol alone (not present in the 
cocktail) led to the formation of a similar fungal biomass as observed with treatment with the 
antibiotic cocktail, but negatively influenced hatching success (Fig. S2).  
Fungal isolates from the fouled clutches were analyzed via multilocus sequence typing 
(MLST) and determined to be haplotype 2g of Fusarium keratoplasticum, a recently described 
species nested in the Fusarium solani species complex [(FSSC), Fig. S3, (259)]. Fusarium 
keratoplasticum, together with at least 20 species in the FSSC, has been implicated in 
opportunistic infections of humans and other animals (243, 260–262). Many of these persistent 
infections are difficult to treat because members of the FSSC and other fusaria are broadly 
resistant to currently available antifungal drugs (263).  
Eggs treated with a pulse of antibiotic cocktail and maintained in flowing Hawaiian 
seawater also developed fungal fouling dominated by F. keratoplasticum, demonstrating that this 
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fungus is present and capable of fouling clutches in conditions similar to the host’s natural 
habitat. Four fungal isolates from experiments conducted using Hawaiian seawater were 
identified as F. keratoplasticum haplotype FSSC-2i (Fig. S3). 
Profiling of the bacterial community of the fouling biomass that formed on the eggs 
during antibiotic treatment revealed that it was dominated by Gammaproteobacteria and 
Alphaproteobacteria, along with nine other bacterial classes (Fig. S4A). These fouling-
associated bacteria were distinct from a previous analysis of the ANG/JC communities [Fig. 
S4B, (72)], and the bacterial community composition also varied widely between samples (Fig. 
S4C). Therefore, these fouling-associated bacteria likely consist of environmental bacteria for 
which the fungal biomass provided a suitable substrate, but some of these may also be 
opportunistic pathogens of the eggs.  
 
Symbiont-containing egg JC is protective against fungal fouling.  
To discern the functions of the bacterial community from potential embryonic factors that 
may have a protective effect, eggs were dissected into separate components and challenged with 
a conidial suspension of F. keratoplasticum FSSC-2g at 104 conidia/mL [approximately an order 
of magnitude higher concentration than probable environmental levels, (238)] (Fig. 3B,D,F). 
These eggs were not treated with antibiotics, leaving the egg bacterial community intact. By day 
18 of embryogenesis, when the embryos were mature and near hatching, challenged whole eggs 
showed negligible signs of fungal infection (Fig. 3B), with only a few hyphae noted on the 
surface of these eggs and no apparent effect on the development of the embryos. Similar results 
were observed when the outer capsule was removed, leaving the JC and its bacterial community 
intact (Fig. 3D). However, when both the outer capsule and the JC were removed, leaving only 
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the developing embryo within its yolk sac, eggs were heavily fouled by a fungal biomass and the 
embryos were not viable (Fig. 3F). Control eggs developed normally and were not fouled (Fig. 
3A, C, E). These experiments, along with the antibiotic treatments discussed above, suggest that 
the JC and its bacterial community provide protection against F. keratoplasticum. 
 
Symbiotic bacteria and their metabolites inhibit fungi.  
To better understand the potential antifungal roles of specific bacterial strains that 
comprise the ANG and JC bacterial communities, 32 of 33 bacterial isolates were tested using a 
well diffusion inhibition assay against F. keratoplasticum FSSC-2g [one strain, Ruegeria ANG-
S4, grew very slowly in culture and so was excluded from this assay but was included for extract 
assays (see below)]. Three Alphaproteobacteria strains (Leisingera spp. ANG-S and ANG15, 
and Labrenzia sp. ANG18) and four Gammaproteobacteria strains (Alteromonas sp. JC21, 
Vibrio sp. JC34, and Pseudoalteromonas spp. JC22 and JC28) were strong inhibitors of F. 
keratoplasticum FSSC-2g, reducing the area of hyphal growth to 0-25 % of the negative control 
(Fig. S5, Table S2). Ten strains showed moderate inhibition (26-50 % growth), eleven strains 
showed weak inhibition (51-75 % growth) and four strains exhibited minimal or no inhibition 
(≥76 % growth, Fig. S5, Table S2). Together, our results show that 28 out of 32 (87.5 %) 
ANG/JC strains have the physiological potential to inhibit F. keratoplasticum.  
To investigate the role of bacterial secondary metabolites in protecting the eggs from 
fungal fouling, 33 bacterial isolates from the ANG and JC were cultured, extracted, and tested in 
a 96-well liquid assay against three F. keratoplasticum strains: FSSC-2i (Hawaiian isolate), 
FSSC-2g (Connecticut lab isolate), and FSSC-2d (human clinical strain). In addition, extracts 
were tested against the yeast, Candida albicans ATCC 18804, a common member of the human 
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microbiota that can be a significant opportunistic pathogen. Overall, eight of the 33 extracts 
exhibited strong inhibition (0-25 % growth) against at least one F. keratoplasticum strain, an 
additional nine extracts exhibited moderate inhibition (26-50 % growth), and five extracts 
showed weak inhibition (51-75 % growth, Fig. 4). In total, 72.7 % of the ANG and JC bacterial 
extracts showed antifungal activity, suggesting a strong functional role of these symbionts in 
protecting embryos against fungal infection.   
While six bacterial extracts (four from Alphaproteobacteria and two from 
Gammaproteobacteria) exhibited moderate to strong inhibition against all three strains of F. 
keratoplasticum, several extracts inhibited only one or two of the three strains while not 
inhibiting the other(s) (Fig. 4C). A greater number of bacterial extracts were classified as 
strongly or moderately active against FSSC-2i/2g in comparison to FSSC-2d (Fig. 4B). Given 
that FSSC-2d is a clinical strain and not isolated from squid eggs, this differential activity may 
be due to adaptation of active metabolites to different fungal strains. Ten ANG and JC bacterial 
extracts (30.3 %) also exhibited strong or moderate inhibition of C. albicans (Fig. 4A). The ANG 
and JC extracts often showed differential activity with some only active against F. 
keratoplasticum (e.g., Ruegeria spp. ANG10 and ANG-R) while others were only active against 
C. albicans (e.g., Leisingera spp. ANG1 and ANG-M7, Fig. 4A). Future research will focus on 
expanding these assays to testing other fungi to determine whether JC symbionts differentially 
inhibit a variety of fungi. 
Overall, seven of the 32 isolates (21.9 %) and eight of the 33 extracts (24.2 %) exhibited 
strong inhibition against F. keratoplasticum. In other systems, such as the cnidarian hydra, 
interactions between multiple members of the epithelial bacterial community are necessary to 
protect the host from fusarial infections (235). Synergistic antifungal activity has not yet been 
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determined in the bobtail squid system but similar effects may be present given the complexity 
of the bacterial community found in both the ANG and JC. 
Our experimental data demonstrate that ANG and JC bacteria, and associated organic 
extracts from these strains, inhibit fungi. Bacterial secondary metabolite protection from fungi 
has been documented in several invertebrate systems. In the Oriental shrimp, Palaemon 
macrodactylus, and in the American lobster, Homarus americanus, eggs are associated with 
protective bacteria that produce the antifungal compounds 2,3-indolinedione (isatin) and 4-
hydroxyphenethyl alcohol (tyrosol) respectively (54, 234). When Hydra vulgaris was treated 
with antibiotics to remove the resident epithelial microbiota, the animals developed a detrimental 
infection of unidentified Fusarium, which was rendered ineffective by then complementing the 
treated hosts with members of their original bacterial community (235). Female beewolves apply 
Streptomyces philanthi symbionts from antennal reservoirs to the brood chambers of their larvae, 
which are then incorporated into the larval cocoon to protect against environmental fungi. This 
protection is largely accomplished by the bacterial symbionts’ production of piericidin, 
streptochlorin, and nigericin derivatives (6, 46, 48). These examples demonstrate that diverse 
aquatic and terrestrial invertebrates utilize symbiotic bacteria to ward off fungal infections, and 
our work provides additional evidence to support a similar functional role of ANG and JC 
bacteria in E. scolopes.  
 
Chemical networking analyses reveal potential antimicrobial metabolites.  
To further understand the function of ANG- and JC-associated bacteria, we conducted 
experiments to identify antimicrobial secondary metabolites from ANG and JC bacterial isolates.  
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Utilizing a unique combination of LC-MS/MS analyses with biological activity of ANG and JC 
bacterial extracts (Fig. 4), we created a microbial interaction-driven molecular network [Fig. 5A, 
(264)] to compare compounds from bacterial extracts found to strongly inhibit at least one F. 
keratoplasticum strain (grouped as active) or ones that failed to inhibit any of the F. 
keratoplasticum strains (grouped as inactive) with compounds also found in egg clutches, 
including both untreated clutches as well as clutches challenged with F. keratoplasticum 
(experimental design shown in Fig. 6A and discussed below). This network analysis allowed for 
the identification of metabolites found in egg clutches that were also present in antifungal 
bacterial extracts (Fig. 5). As metabolites found in egg clutches are hypothesized to be derived 
from associated bacteria, mass spectral features were prioritized when co-occurring in antifungal 
bacterial extracts and either the challenged or control clutches (Fig. 5B), resulting in 
identification of 10 features of interest. One feature, m/z 393.1480, which was present in the 
active extract of Labrenzia sp. ANG18 and the control clutches, was determined to be 
lincomycin B (Fig. 5C), a structural analogue of the FDA-approved antimicrobial drug, 
lincomycin A. Upon subsequent examination of the raw LC-MS/MS data, lincomycin A was also 
present in the control clutches but not detected in the Labrenzia sp. ANG18 isolate. These results 
were confirmed via comparison with commercial standards (Fig. S6).  
 The lincomycins are the founding members of the lincosamide class of bacterial natural 
products first isolated in 1962 from the soil-derived actinomycete Streptomyces lincolnensis var. 
lincolnensis (265). Lincomycins have potent activity against Gram-positive bacteria (266), with 
lincomycin A (marketed as Lincocin®) receiving FDA approval in 1967. Biosynthesis of the 
lincomycins involves unusual combinations of nonribosomal peptide synthetase (NRPS) and 
amino sugar enzymes to attach an N-methylated 4-propyl-L-proline to a methylmercapto eight-
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carbon sugar (267, 268). Commercially available lincomycins A and B were tested herein for 
antifungal activity against F. keratoplasticum FSSC-2i and -2g and found to be inactive, 
however several additional lincomycin derivatives were preliminarily identified from this 
Labrenzia strain and future experiments will focus on isolating these derivatives and testing them 
for antifusarial activity. In addition, although these metabolites were inactive against F. 
keratoplasticum, community sequencing of the fouling biomass also detected the presence of 
bacteria (Fig. S4), and thus the presence of lincomycins A and B in egg clutches may indicate a 
general antimicrobial response from the JC community. Regardless, the presence of this class of 
molecules in the egg clutches and in strain Labrenzia sp. ANG18 provides evidence for the 
functional potential of the ANG and associated bacteria in protecting squid eggs from infection.   
In continued exploration of the metabolites involved in the antimicrobial protective 
effects of ANG- and JC-associated bacteria, we conducted an experiment to identify compounds 
induced in the presence of F. keratoplasticum (Fig. 6). Egg clutches were divided into two 
portions, with one part utilized as an untreated control while the other was challenged with F. 
keratoplasticum FSSC-2g (Fig. 6A). These experiments did not involve antibiotic treatment, 
leaving JC-associated bacteria intact and potentially capable of producing defensive metabolites. 
Extracts from these two clutch portions as well as from a culture of F. keratoplasticum FSSC-2g 
(used to control for fungal-derived metabolites in the network) were all networked (Fig. 6B), 
with several mass spectral features found only in F. keratoplasticum-challenged clutches, 
including two highlighted clusters of metabolites (Fig. 6C). Further analyses of the larger 
highlighted cluster revealed the presence of molecules that share several structural characteristics 
in common with the known antimicrobials, mycinamicins III, IV, and VI [Fig. S7; (269–271)], 
including high resolution MS within acceptable limits and a distinctive in-source fragment 
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matching the desosamine sugar moiety. Further testing of authenticated standards found that 
mycinamicins IV and VI exhibited weak antifungal activity against F. keratoplasticum FSSC-2g 
(73.4 % and 68.6 % growth, respectively), while mycinamicin III was inactive. Additional 
analyses of authenticated standards and egg samples by LC-MS/MS revealed a difference in 
retention times that would suggest these features were more similar to glycerophosphocholines, 
all known members of which had higher mass defects than the original assignments. Efforts are 
ongoing to unambiguously identify these features, including exploring possible effects of the 
gelatinous nature of the JC microenvironment on the physicochemical parameters (e.g., retention 
time). Regardless of their identification, production of the features associated with this cluster 
increased when eggs were challenged with F. keratoplasticum, suggesting an induced response 
by the JC community to fungal challenge.  
Molecules from a second cluster induced in the presence of F. keratoplasticum (Fig. 6C), 
were putatively identified as glycerophosphocholines, similar to lyso-platelet activating factor 
(PAF) C:16 and lyso-PAF C:18. Commercial standards of these compounds were tested for 
activity against F. keratoplasticum FSSC-2i and -2g. Both compounds demonstrated antifungal 
activity with MIC values of 125 µg/mL. In subsequent LC-MS/MS analyses of additional 
clutches, we detected lyso-PAFs C:16 and C:18 in both challenged and control clutches. Further 
examination of the raw LC-MS/MS data confirmed that the original nodes were consistent with 
glycerophosphocholines, but differ slightly from lyso-PAFs C:16 and C:18, and thus may 
represent related molecules from this large family of lipophilic compounds. In addition, other 
structurally distinct glycerophosphocholine derivatives were found in the network (Fig. 6D), 
although this cluster contains metabolites found in the challenged clutches, the control clutches, 
and/or the F. keratoplasticum extract (Table S4). LC-MS/MS analyses of egg clutches from three 
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additional experimental replicates confirmed the presence of the mycinamicin-like and 
glycerophosphocholine features in other clutches, with overall higher mean ion intensities in 
challenged clutches (Table S5).  
 Previous reports of glycerophosphocholines, and specifically PAFs, indicate these 
compounds are important defensive phospholipid signaling molecules that are deacetylated by 
acetylhydrolases to obtain lyso-PAFs (272, 273). These interconversions have been shown to be 
important for non-self recognition, including antimicrobial defense in other marine host-microbe 
systems (274). Previous research suggests that bacteria capable of producing choline-containing 
molecules, such as lyso-PAFs, are usually closely associated (e.g., symbiotic) with a eukaryotic 
host that supplies choline for the biosynthesis of these compounds (275, 276). The JC does 
contain membrane-like structures that separate each layer of the egg (72), although whether these 
structures contain cholines is not known. While our current studies do not reveal the origin of 
these glycerophosphocholines, a specific suite of these molecules do appear to be induced upon 
fungal challenge and may play an important role in egg defense.  
The detection of antimicrobial compounds in both unchallenged (lincomycins) and 
challenged eggs (mycinamicin-like and/or glycerophosphocholines), suggests that eggs contain 
both constitutive and induced metabolites, thus having a broad potential to mount challenges to 
fouling and pathogens. Our microbial interaction-driven network analyses revealed bioactive 
compounds found in both control clutches and bacterial isolates, such as lincomycins with 
known antibacterial activity.  In addition, although identifications are still ongoing, the suite of 
glycerophosphocholines found only in the challenged clutches may represent a more generalized 
and inducible antimicrobial response of the symbiotic egg community to pathogens. Exploration 
of bacterial metabolites in the ANG will provide insight into whether compounds with 
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antimicrobial activity may be deposited into the egg from the gland itself. Despite the presence 
of constitutive antimicrobials in the JC, our experimental data (Fig. 2-3) suggest such 
compounds may not be enough to overcome fungal challenge on their own and that 
metabolically active bacteria are likely also required for egg defense. Finally, a number of other 
unidentified MS features were found in both clutches and active bacteria (Fig. 5) and these 
represent promising leads to discover novel bioactive compounds.  
 
Conclusions 
Our research experimentally links a defensive function to the ANG/JC symbiotic 
bacterial community in the protection of squid eggs in the model cephalopod E. scolopes. 
Through experimental manipulation of the egg JC and its bacteria, we demonstrate that the JC is 
protective against fungal fouling. We further show that multiple bacterial members of the 
ANG/JC are capable of inhibiting both pathogenic filamentous and yeast fungi. Furthermore, we 
have identified several compounds, including lincomycin, mycinamicin-like, and 
glycerophosphocholine derivatives, as well as yet-to-be identified compounds, that may play a 
role in egg defense. Although Alphaproteobacteria are underexplored for both natural product 
production and their biosynthetic gene clusters involved with these processes, microbial 
interaction-driven networking revealed a number of potentially exciting bioactive leads for 
further antimicrobial drug discovery. Because some host-microbe symbioses have evolved to 
select for bacterial symbionts that produce biologically active compounds (31), the ANG 
association may be a good source for antimicrobial drug discovery. 
The ability of eggs of aquatic organisms to survive in an environment filled with potential 
biofoulers depends on the presence of one or more defensive mechanisms. The distribution of the 
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ANG symbiosis in other cephalopods suggests that a similar function occurs in other members of 
this group. Questions of the function of the ANG symbiosis in cephalopods have been asked 
since the organ was first described in Doryteuthis pealeii in 1909 (240, 277, 278). In this study 
we demonstrate that the JC bacterial community in E. scolopes prevents fungal fouling. Previous 
work has demonstrated that members of the ANG bacterial community from E. scolopes and the 
squid Doryteuthis pealeii can inhibit other bacteria (82, 85) and genomic analyses of ANG 
isolates suggests that these strains have a number of biosynthetic gene clusters that may be 
involved with the production of antimicrobials (103). Future work will focus on understanding 
whether there are conserved mechanisms of egg defense among cephalopods and whether 
specific pathogens are targeted. The few studies that have addressed ANG diversity suggest 
Alphaproteobacteria and Gammaproteobacteria are present in the ANGs of other cephalopod 
species (68, 71, 73, 75). In the case of E. scolopes, the ANG is likely colonized by bacteria from 
the host’s environment (72). How ANG symbioses are established and maintained is another area 
of future research. For example, are members selected for based on their capacity to produce 
antimicrobial compounds and/or do other mechanisms like competitive exclusion play a role in 
shaping the consortium and/or egg defence? Selection of specific bacteria in binary host-microbe 
associations is common, but, even with complex consortia, certain bacterial taxa are often 
recruited [e.g., mammalian gut; (279–281)]. The mechanisms by which specific bacteria may 
colonize ANGs is currently unknown but a study in the market squid D. opalescens suggests that 
the morphology of the nascent ANG is poised to recruit environmental bacteria (76). In the E. 
scolopes-V. fischeri light organ symbiosis, partners ensure specificity through a number of 
mechanisms (87), and it may be that similar colonization events occur in the ANG. Our previous 
work has also shown that specific taxa of the consortium are segregated within tubules of the 
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ANG, suggesting that mechanisms are present to ensure colonization and growth of specific 
bacterial symbionts (69).  
The phylogenetic and functional diversity of the E. scolopes ANG symbiotic community 
offers a wide range of targets for future avenues of research, including the investigation of 
unexplored antimicrobial activity. Future research will examine whether certain bacteria and 
associated extracts work synergistically against potential biofoulers and pathogens. Cultivation 
efforts are also underway to isolate other bacteria from the ANG/JC community, such as the 
Verrucomicrobia and Flavobacteriia, members of which the biosynthetic potential is unknown.  
In addition, a better understanding is needed of how the microenvironment of the JC (e.g., pH, 
jelly composition, and structural features such as the membrane-like structures; Fig. 1F) may 
facilitate delivery and efficacy of antimicrobial compounds. Overall, the bobtail squid-ANG 
association provides a tractable system to investigate functional specificity and drug discovery 
and to better understand the role of defensive symbioses in aquatic environments.  
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Fig. 1. Antibiotic treatment of eggs leads to fungal fouling. (A) Ventral dissection of a female 
E. scolopes showing location of reproductive system organs relative to the light organ and eye of 
the squid. Detailed image and diagram of female reproductive tract (B) and egg (C). Treatment 
of clutches with an antibiotic cocktail led to the formation of fungal/bacterial fouling.  Clutches 
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were either left untreated (D-F) or were treated with antibiotics (G-I, n=17). The fouling biomass 
was composed of fungal hyphae interspersed with bacterial cells (J-K, white arrows). Electron 
micrographs of JCs from eggs at Day 21 of embryogenesis show untreated egg JCs contained 
both single and small clusters of bacterial cells (F, white arrows). (I) The antibiotic-treated egg 
JCs contained numerous fungal conidia and hyphae (I, insets). After three days of treatment, a 98 
% reduction in bacterial load was observed (L, t8=1.685, p=0.131, n=5 clutches). The bacterial 
load of both the untreated and the antibiotic-treated clutch segments increased over 
embryogenesis, but a significant reduction in bacteria was found both at day 10 (t8=5.011, 
p=0.001) and at day 15 (t8=2.511, p=0.036; 98 % and 97 % respectively, graph presented as 
mean  SEM). NG = nidamental gland; ANG = accessory nidamental gland; JC = jelly coat; LO 






Fig. 2. Treatment of eggs with an antibiotic cocktail and subsequent development of fungal 
fouling significantly reduced hatch of juveniles. Eggs treated with an antibiotic cocktail 
developed a biomass between days 8-14 of embryogenesis and had a reduced hatch rate 
(t4=3.572, p=0.023). Hatching rates were unaffected when eggs were treated with the antibiotic 
cocktail and maintained in a laminar flow hood (t2=1.289, p=0.326) or under low temperatures 
(15-20 °C, t3=0.738, p=0.514) to prevent fungal growth. The antibiotic cocktail included 
penicillin G, kanamycin, spectinomycin, streptomycin, and gentamicin, each at a concentration 






Fig 3. Embryos lacking jelly coats are more susceptible to fungal infection. Eggs were left 
untreated (A/C/E) or were challenged with F. keratoplasticum FSSC-2g, 104 conidia/mL for 18 
days (B/D/F). Eggs were left intact (A/B), or were decapsulated, leaving only the jelly coat and 
developing embryo (C/D) or only the developing embryo (E/F).  Hyphae were stained with 
Syto9 nucleic acid stain and visualized with a confocal microscope (F, inset, yellow arrows). 






Fig. 4. Bacterial secondary metabolites from the ANG and JC isolates demonstrate 
differential activity against fungal pathogens. (A) Many extracts from both ANG and JC 
bacterial isolates exhibited antifungal activity against one or more strains of Fusarium 
keratoplasticum and the human pathogen Candida albicans. Amphotericin B (4 µg/mL) was 
used as a positive control. Data shown are based on average % growth values of technical 
triplicates from at least two experimental replicates. (B) Over 51% of ANG and JC bacterial 
extracts strongly or moderately inhibited the egg-isolated F. keratoplasticum strains, FSSC-2i 
and FSSC-2g compared to the clinical isolate F. keratoplasticum FSSC-2d. (C) Venn diagram 
showing extracts that were active against each fusarial strain. Overall, six ANG and JC extracts 
exhibited antifungal activity against all three F. keratoplasticum strains, with other extracts 
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showing activity against just one or two of the strains. Highlighted boxes indicate strain numbers 






Fig. 5. Comparative metabolomics identifies antimicrobial bacteria-derived secondary 
metabolites in egg clutches and active ANG and JC bacterial extracts. (A) LC-MS/MS 
molecular network of challenged and control clutches from Fig. 6 with antifusarial active 
bacterial extracts (yellow circles) and inactive bacterial extracts (blue circles) resulted in a large, 
complex network (enlarged image of network provided in Fig. S8). Active bacterial extracts 
include only those with strong inhibition (0-25 % fungal growth, n = 8) while inactive bacterial 
extracts included only those with minimal to no inhibition (≥ 76 % fungal growth, n = 13). 
Parent masses are represented within each node and the thickness of the edge is based upon 
cosine similarity score. (B) Ten MS features (circled) were prioritized for further investigation, 
including seven from challenged clutches that overlap with active bacterial extracts (pink 
squares) and three from control clutches that overlap with active bacterial extracts (teal squares). 
(C) Lincomycin B ([M+H]+ m/z 393.1480), a structural analogue of the FDA-approved 
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antimicrobial drug lincomycin A, was identified in both the control clutches and the active 
extract, Labrenzia sp. ANG18 (identification confirmed via comparison with purchased 
standards; gray squares represent features found in two or more of the remaining categories). 
Lincomycin A was also found in the control clutch but was not detectable in the Labrenzia sp. 






Fig. 6. Comparative metabolomics identified specialized metabolite production by egg 
clutch-associated bacteria induced in the presence of Fusarium keratoplasticum. (A) The 
experimental design involved splitting egg clutches, treating one portion with F. keratoplasticum 
FSSC-2g and leaving one portion as an untreated control. No antibacterial treatment was added, 
leaving JC-associated bacteria potentially able to metabolically produce defensive metabolites. 
(B) LC-MS/MS molecular networking revealed numerous metabolites present only in challenged 
clutches (yellow circles), including two clusters with metabolites found only in challenged 
clutches (C). Metabolites were deprioritized if found only in control clutches (blue circles) 
and/or in F. keratoplasticum FSSC-2g extract (gray circles), with features found in two or more 
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extracts shown in gray squares or diamonds. Parent masses are represented within each node and 
the thickness of the edge is based upon cosine similarity score. (D) Structurally distinct 
glycerophosphocholines (see text) were also present in another cluster in this network, found in 
challenged clutches, control clutches, and/or F. keratoplasticum FSSC-2g. Several of the 
metabolites in this cluster are found only in the challenged clutches (yellow circles) or the F. 
keratoplasticum FSSC-2g extract (gray circles), while other metabolites in this cluster are found 
in both challenged and control clutches (gray squares) or in all three samples (gray diamonds) 






Figure S1. A time series illustrating biofouling development over embryogenesis. Clutches 
were either treated with antibiotic cocktail (B-D, H-J) or were left untreated (E-G, K-M). Time 
series images focus on the surface of 1-2 eggs, such as the segment indicated by the red box (A). 
On day 3, a few hyphae were discernable (B, white arrow), those hyphae increased in number on 
days 6 (C) and 8 (D), with increased fouling during days 10 (H), 13 (I) and 15 (J).  Untreated 
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eggs showed no signs of fouling or fungal hyphae by day 15 (A, M). The same grain of sand can 
be seen in C/D, indicated by yellow arrows. Untreated eggs are also shown throughout 
embryogenesis: day 3 (E), day 6 (F), day 8 (G), day 10 (K), day 13 (L), day 15 (M). 















Figure S2. Chloramphenicol treatment of egg clutches resulted in fungal biomass. Eggs that 
were treated with 20 µg/mL of chloramphenicol dissolved in ethanol (t6=20.47, p<0.0001), or 
with 25 µg/mL of chloramphenicol dissolved in FSASW (t4=4.668, p=0.01), developed fungal 
fouling in both cases. Treatment with ethanol alone did not significantly reduce juvenile hatching 
(t4=2.33, p=0.08). However, hatching levels were affected when eggs were treated with 
chloramphenicol and maintained in a laminar flow hood (t2=103.6, p<0.0001) to prevent fungal 
growth, indicating that chloramphenicol itself interfered with embryo development. Other studies 
have shown that juvenile squid and adults are not affected by chloramphenicol at similar doses. 




Figure S3. Phylogeny of fungal isolates. One of three most-parsimonious trees (MPTs) inferred 
from portions of three loci used to identify species and 3-locus haplotypes in the Fusarium solani 
species complex. Arabic numerals and lowercase roman letters, respectively, identify species and 
unique haplotypes. Numbers above internodes represent the frequency (%) that they were 
recovered from 1000 maximum likelihood (ML) and maximum parsimony (MP) bootstrap (BS) 
pseudoreplicates of the data.  Only the ML-BS value is shown when it differed by ≤5% of the 
MP-BS score. Bold internodes are used to identify eight genealogically exclusive ingroup 
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species, which were rooted on sequences of F. lichenicola based on more inclusive analyses 
(243). The three strains of F. keratoplasticum used in the present study are identified by gray 




Figure S4. Bacterial diversity in fungal biomass. The fungal biomass bacterial community 
(n=12) was dominated by Gammaproteobacteria (A) and was distinct from that found in the 
ANG and JC (B). The relative abundances of taxa that make up the fungal biomass community 
varied substantially between samples (C). Taxa presented at the finest level obtained, c – class; o 
– order; f – family; g – genus. Mean % sequences/sample represented by thick bar, standard 
deviation represented by thin bars. Scatter plot is presented on a log scale to demonstrate 
variation for taxa present at lower average abundances. “Other” includes taxa present at <1% of 
the average fungal biomass: unclassified Bacteria, Stramenopiles (o), Pirellulaceae (f), 
unclassified Proteobacteria (p), Myxococcales (o), and Nannocystaceae (f). NMDS plot based 
on Bray Curtis metric of beta diversity demonstrated that the community composition of the 
fungal biomass is distinct from that of the ANG/JC (B). ANG and JC data were previously 





Figure S5. ANG/JC bacterial isolates differentially inhibited F. keratoplasticum FSSC-2g. 
(A) Percent of hyphal growth, as compared to the respective media control [seawater tryptone 
(SWT) or SWT with no glycerol (SWTng)], was measured when conidia were plated in the 
presence of ANG/JC isolate growth. (B) A majority of ANG/JC isolates strongly (0-25 % of 
control growth), moderately (26-50 % of control), or weakly (51-75 % of control) inhibited 
fungal growth. Representative images of F. keratoplasticum hyphal growth on SWT media (C), 
in the presence of cycloheximide (1000 µg/mL) on SWT (D), with previous growth from isolate 
JC21 on SWT (E), JC21 on SWTng (F), ANG-S5 on SWT (G), and ANG-S5 on SWTng (H). 
Scale bars = 1 cm. Average results of three trials. Since bacterial secondary metabolite repression 
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can occur in the presence of glycerol (252), we tested all of our strains under culture conditions 
with and without glycerol. Thirteen isolates gained activity (≥ 9 % difference) when grown 
without glycerol and 13 different isolates lost activity (≥ 9 % difference, Table S2). Although the 
major carbon sources utilized by bacteria in the JC remain unclear, carbon catabolite repression 
has been reported in several antimicrobial-producing Gammaproteobacteria, Firmicutes, and 
Actinobacteria (252). The effects of carbon source on secondary metabolite production are 
pathway specific, however, and the presence of glycerol has been shown to increase production 
of the antifungal nystatin in Streptomyces noursei (282). Because little is known about the 
chemistry of marine Proteobacteria and their secondary metabolite biosynthesis, various culture 
conditions should be tested in future studies to better explore the biosynthetic potential of 




Figure S6. Lincomycin LC-MS/MS analyses. Confirmation of the presence of lincomycins A 
and B (arrow) in the control clutch extract including extracted ion chromatograms (EICs) for 
lincomycin B (Fig. S6A; [M+H]+ m/z 393.2059, tR 2.63 min) and lincomycin A (Fig. S6B; 
[M+H]+ m/z 407.2240, tR 2.95 min; the lincomycin A standard splits into two peaks but the tR and 
fragmentation patterns match for the standard and the matching peak in the control clutch; the 
Challenged clutch extract  
(EIC 393.2059) 
Control clutch extract  
(EIC 393.2059) 
Control clutch extract  
(EIC 407.2240) 
ANG18 extract  
(EIC 407.2240) 
ANG18 extract  
(EIC 393.2059) 
Lincomycin B standard  
(EIC 393.2059) 
Challenged clutch extract  
(EIC 407.2240) 






peak at tR 3.2 min was not consistent with lincomycin fragmentation). Lincomycin B was also 
detected in the bacterial isolate Labrenzia sp. ANG18 although lincomycin A was not detected in 
this isolate. Lincomycin A and B standards (Santa Cruz Biotechnology, Inc., Dallas, TX) were 













Lincomycin A Control clutches 407.146 407.2267 407.2216 
Lincomycin B 
Control clutches and Leisingera sp. 
ANG18 393.151 393.2054 393.2059 
Fig. 6C, Cluster 1 Challenged clutches 668.365 668.4087  
Fig. 6C, Cluster 1c Challenged clutches 682.386 682.4274  
Fig. 6C, Cluster 1 Challenged clutches 696.403 696.4419  
Fig. 6C, Cluster 1 c Challenged clutches 710.423 710.4592  
Fig. 6C, Cluster 2 Challenged clutches 482.258 482.3294  
Fig. 6C, Cluster 2 Challenged clutches 510.290 510.3581  
Mycinamicin III    682.4166 
Mycinamicin IV    696.4323 
Mycinamicin VI    668.4010 
Lyso-PAF C:16    482.3610 
Lyso-PAF C:18    510.3923 
a consensus mass generated through GNPS 
b experimental spectra obtained using Waters Synapt G2-Si, processed with MassLynx V4.1 
c two nodes with identical mass are found in this cluster, likely representing isomers  
Figure S7. Structures and sample sources of lincomycins, mycinamicins, and lyso-PAFs 
identified and/or tested herein.
Lincomycin A: R = CH2CH3















Mycinamicin III: R1  = OH, R2 = OMe
Mycinamicin IV: R1  = OMe, R2 = OMe





























Figure S8. Enlarged image of LC-MS/MS molecular network of challenged and control 
clutches and active and inactive bacteria from Fig. 5A.   LC-MS/MS molecular network of 
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Active extracts & 
challenged clutches
Active extracts & 
control clutches
Present in 2            
samples
Present in all 
samples
Control clutches




challenged and control clutches with antifusarial active bacterial extracts (yellow circles) and 
inactive bacterial extracts (blue circles) resulted in a large, complex network. Active bacterial 
extracts include only those with strong inhibition (0-25 % fungal growth, n = 8) while inactive 
bacterial extracts included only those with minimal to no inhibition (≥ 76 % fungal growth, n = 
13). Parent masses are represented within each node and the thickness of the edge is based upon 
cosine similarity score.  
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Table S1. Bacterial and fungal strains used in this study. 
Strain Characteristics Source 
Fusarium keratoplasticum 
FSSC-2g 
CT isolated strain This study 
Fusarium keratoplasticum 
FSSC-2i 
HI isolated strain This study 
Fusarium keratoplasticum 
FSSC-2d 
Texas isolated strain Clinical isolate; this study 
Candida albicans ATCC 
18804 
Type strain American Type Culture 
Collection (ATCC) 
Leisingera sp. ANG1 Isolate from E. scolopes ANG Collins and Nyholm 2011, 
Collins et al., 2015 
Leisingera sp. ANG13 Isolate from E. scolopes ANG This study 
Leisingera sp. ANG14 Isolate from E. scolopes ANG This study 
Leisingera sp. ANG15 Isolate from E. scolopes ANG This study 
Leisingera sp. ANG-DT Isolate from E. scolopes ANG Collins et al. 2015 
Leisingera sp. ANG-M1 Isolate from E. scolopes ANG Collins et al. 2015 
Leisingera sp. ANG-M4 Isolate from E. scolopes ANG Collins et al. 2012 
Leisingera sp. ANG-M6 Isolate from E. scolopes ANG Collins et al. 2015 
Leisingera sp. ANG-M7 Isolate from E. scolopes ANG Collins et al. 2015 
Leisingera sp. ANG-S Isolate from E. scolopes ANG Collins et al. 2015 
Leisingera sp. ANG-S2 Isolate from E. scolopes ANG Collins et al. 2012 
Leisingera sp. ANG-S3 Isolate from E. scolopes ANG Collins et al. 2015 
Ruegeria sp. ANG-S4 Isolate from E. scolopes ANG Collins et al. 2015 
Leisingera sp. ANG-S5 Isolate from E. scolopes ANG Collins et al. 2015 
Leisingera sp. ANG-VP Isolate from E. scolopes ANG Collins et al. 2015 
Leisingera sp. JC1 Isolate from E. scolopes JC Gromek et al. 2016 
Leisingera sp. JC11 Isolate from E. scolopes JC This study 
Leisingera sp. JC57 Isolate from E. scolopes JC This study 
Leisingera sp. JC61 Isolate from E. scolopes JC This study 
Labrenzia sp. ANG18 Isolate from E. scolopes ANG This study 
Nautella sp. ANG-M5 Isolate from E. scolopes ANG Collins et al. 2012 
Ruegeria sp. ANG6 Isolate from E. scolopes ANG This study 
Ruegeria sp. ANG10 Isolate from E. scolopes ANG This study 
Ruegeria sp. ANG17 Isolate from E. scolopes ANG This study 
Ruegeria sp. ANG-R Isolate from E. scolopes ANG Collins et al. 2015 
Ruegeria sp. JC13 Isolate from E. scolopes ANG This study 
Tateyamaria sp. ANG-S1 Isolate from E. scolopes ANG Collins et al. 2015 
Muricauda sp. ANG21 Isolate from E. scolopes ANG Gromek et al. 2016 
Tenacibaculum sp. JC62 Isolate from E. scolopes JC This study 
Altermonas sp. JC21 Isolate from E. scolopes JC This study 
Pseudoaltermonas sp. JC22 Isolate from E. scolopes JC This study 
Pseudoaltermonas sp. JC28 Isolate from E. scolopes JC This study 




Table S2. Percentages of F. keratoplasticum FSSC-2g hyphal growth from well diffusion 
assay. 
 ANG/JC Isolate 
















Leisingera sp. ANG1 111.1±0.42 54±1.2 
Leisingera sp. ANG13 25.7±0.11 61.7±1.45 
Leisingera sp. ANG14 54.2±0.24 68±0.24 
Leisingera sp. ANG15 21±0.66 81±1.2 
Leisingera sp. ANG-DT 117.3±0.33 70.8±0.77 
Leisingera sp. JC1 51.4±0.45 79.2±1.1 
Leisingera sp. JC11 74.8±0.32 82.1±0.3 
Leisingera sp. JC57 116.4±2.33 53.9±0.06 
Leisingera sp. JC61 48.8±0.15 81±1.26 
Leisingera sp. ANG-M1 63.2±0.86 56.8±2.8 
Leisingera sp. ANG-M4 60.7±0.09 67.3±0.76 
Leisingera sp. ANG-M6 69.7±1.34 45.2±1.5 
Leisingera sp. ANG-M7 26.2±0.46 46±0.26 
Leisingera sp. ANG-S 2.3±0.23 38±1.1 
Leisingera sp. ANG-S2 39±0.28 86±0.62 
Leisingera sp. ANG-S3 86.7±0.13 56.1±0.15 
Leisingera sp. ANG-S5 92.9±0.27 35.3±0.7 
Leisingera sp. ANG-VP 125±0.96 77.7±1.2 
Nautella sp. ANG-M5 45.5±1.35 66.6±0.34 
Ruegeria sp. ANG6 54±0.24 46±1.7 
Ruegeria sp. ANG10 87.1±0.43 43±1.5 
Ruegeria sp. ANG17 75.4±0.2 64.3±0.96 
Ruegeria sp. JC13 82.6±0.46 86.7±0.81 
Ruegeria sp. ANG-R 105.9±1.5 95.6±0.26 
Tateyamaria sp. ANG-S1 112.1±1.5 47±1.2 






. Alteromonas sp. JC21 7.6±0.23 69.7±0.44 
Pseudoalteromonas sp. JC22 0±0 0±0 
Pseudoalteromonas sp. JC28 3.1±0.1 4.4±0.11 
Vibrio sp. JC34 0±0 0±0 
Flavo. 
Muricauda sp. ANG21 155.1±0.63 110.8±0.42 
Tenacibaculum sp. JC62 132.7±0.31 73.9±1.4 
Controls 
Cyclohexamide (Pos. control) 11.2±0.1 5.1±0.21 
SWT (Neg. control) 100±0.68 100±0.46 
Water (Neg. control) 109.8±0.95 100.4±0.36 




Table S3. Percentages of F. keratoplasticum spp. (FSSC-2i, FSSC-2g, and FSSC-2d) and Candida 
















Percent Fungal Growth 
FSSC-2i FSSC-2g FSSC-2d Ca 
Leisingera sp. ANG1 104.3±5.3 106.8±14.9 116.3±14.5 36.7±5.5 
Leisingera sp. ANG13 42.8±1.1 68.0±1.6 49.4±2.5 141.2±10.2 
Leisingera sp. ANG14 33.1±8.2 42.8±8.7 52.2±2.8 132.9±1.5 
Leisingera sp. ANG15 14.8±14.8 48.4±3.2 81.2±4.8 158.9±6.1 
Leisingera sp. ANG-DT 108.3±8.3 109.3±5.6 134.0±4.3 136.7±1.3 
Leisingera sp. JC1 64.0±9.5 99.6±7.5 94.6±11.1 33.3±9.8 
Leisingera sp. JC11 53.5±5.9 45.9±4.8 56.4±2.5 22.5±3.9 
Leisingera sp. JC57 71.4±6.8 79.5±11.4 76.0±5.3 116.3±8.9 
Leisingera sp. JC61 29.1±2.5 43.6±8.1 64.9±14.5 61.2±18.9 
Leisingera sp. ANG-M1 83.3±3.2 87.4±4.8 97.9±13.3 153.4±3.0 
Leisingera sp. ANG-M4 29.8±3.1 66.3±7.7 58.6±0.6 142.0±15.0 
Leisingera sp. ANG-M6 61.0±6.5 66.8±6.4 67.5±10.7 31.2±7.8 
Leisingera sp. ANG-M7 101.2±8.4 89.7±9.6 121.8±10.9 31.4±7.4 
Leisingera sp. ANG-S 90.7±7.1 84.3±5.6 91.5±6.2 152.0±5.1 
Leisingera sp. ANG-S2 -11.7±9.3 16.8±15.0 29.6±15.4 24.2±7.0 
Leisingera sp. ANG-S3 118.7±11.6 138.5±5.5 122.0±11.7 183.8±0.2 
Leisingera sp. ANG-S5 65.8±13.7 66.4±8.8 53.4±8.0 112.0±2.7 
Leisingera sp. ANG-VP 96.5±5.7 97.2±1.5 88.5±12.1 144.7±9.9 
Nautella sp. ANG-M5 98.8±12.3 106.5±4.1 115.5±1.2 165.1±10.7 
Ruegeria sp. ANG6 104.7±5.4 117.8±10.1 104.9±8.9 137.3±12.2 
Ruegeria sp. ANG10 8.6±13.7 -15.1±29.0 16.6±13.2 122.2±3.6 
Ruegeria sp. ANG17 75.5±0.5 74.6±6.5 89.9±0.1 102.7±1.8 
Ruegeria sp. JC13 62.9±5.6 41.1±12.1 55.3±10.4 146.3±10.2 
Ruegeria sp. ANG-R -150.9±22.7 -230.0±3.7 -109.6±14.7 110.0±10.5 
Ruegeria sp. ANG-S4 118.2±2.6 55.9±3.4 34.1±1.4 168.7±3.3 
Tateyamaria sp. ANG-S1 134.3±8.3 125.1±8.8 134.7±14.7 163.9±0.2 






. Alteromonas sp. JC21 12.7±14.8 13.7±21.2 18.4±8.8 164.3±5.3 
Pseudoalteromonas sp. JC22 -89.6±3.2 55.5±8.0 53.3±14.6 24.7±7.4 
Pseudoalteromonas sp. JC28 42.3±0.5 39.3±8.1 62.6±9.5 19.8±4.2 
Vibrio sp. JC34 7.8±10.8 4.9±11.1 16.4±7.6 116.7±3.7 
Flavo. 
Muricauda sp. ANG21 36.5±11.7 78.8±5.9 89.0±8.4 24.3±3.0 
Tenacibaculum sp. JC62 116.3±0.7 96.0±6.4 123.9±1.4 127.0±6.0 
Controls 
Amp B (Pos. control) 9.7±4.2 0.3±0.3 2.5±1.4 2.0±0.4 
DMSO (Neg. control) 100±0.0 100±0.0 100±0.0 100±0.0 
Percentages are an average of at least 2 experimental replicates performed in technical triplicate ± the 
standard error of the mean. Gamma. (Gammaproteobacteria), Flavo. (Flavobacteriia).  
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Table S4. Cluster of additional phosphocholines identified through the GNPS library from 













PC 0:0/14:0 Challenged clutches 468.231 468.3049 468.3085 7.6 
PC 15:0/0:0 Challenged clutches 482.258 482.3198 482.3241 8.9 
PC 16:1/0:0 Challenged clutches 494.256 494.3265 494.3241 4.8 
PC 0:0/18:1d Challenged clutches 522.291 522.3575 522.3554 4.0 
PC 18:2/0:0 F. keratoplasticum FSSC-2g  520.276 520.3347 520.3398 9.7 
PC 18:3/0:0 F. keratoplasticum FSSC-2g  518.259 518.3257 518.3252 0.9 
PC 17:0/0:0d 
Challenged and control 
clutches 510.290 510.3581 510.3554 5.3 
PC 17:0/0:0d 
Challenged and control 
clutches 510.290 510.3581 510.3554 5.3 
PC 20:1/0:0 
Challenged and control 
clutches 550.321 550.3832 550.3867 6.4 
PC 17:0/0:0d 
Challenged and control 
clutches 510.298 510.3581 510.3554 5.3 
PC 0:0/18:0 
Challenged and control 
clutches 524.308 524.3744 524.3711 6.4 
PC 0:0/16:0 All 3 496.268 496.3372 496.3398 5.2 
PC 0:0/18:1d All 3 522.291 522.3575 522.3554 4.0 
a  features could represent one of several related isomers  
b  consensus mass generated through GNPS 
c  experimental spectra obtained using Waters Synapt G2-Si, processed with MassLynx V4.1 
d several nodes with similar masses were found in this cluster, likely representing isomers   
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Lyso-PAF-like  Mycinamicin-like  
482.258 510.290 C:16a C:18a 668.365 682.386 696.403 710.423 
Control clutch 1b 2.62e3c 4.60e3 9.25e4 1.77e4 3.59e3c 2.39e3c 1.61e3c 2.08e3c 
Challenged clutch 1b 3.45e3 7.58e3 9.23e4 6.60e4 1.24e4 6.43e3 1.20e4 1.03e4 
Fold change (challenged) 1.3 1.6 1.0 3.7 3.5 2.7 7.5 5.0 
Control clutch 2 3.50e4 4.47e4 6.27e5 3.45e5 9.76e3 6.12e3 1.33e3 1.65e3 
Challenged clutch 2 2.25e4 5.29e4 3.55e5 3.46e5 2.76e4 8.75e4 6.58e3 7.17e3 
Fold change (challenged) 0.6 1.2 0.6 1.0 2.8 14.3 4.9 4.3 
Control clutch 3 4.50e4 2.55e4 5.33e5 3.55e5 4.24e4 3.44e3 9.05e3 7.21e3 
Challenged clutch 3 8.50e4 3.60e4 2.76e5 3.39e5 1.52e4 1.48e4 2.19e3 4.06e3 
Fold change (challenged) 1.9 1.4 0.5 1.0 0.4 4.3 0.2 0.6 
Control clutch 4 3.13e4 1.73e4 2.79e5 5.50e4 3.06e4 1.28e4 4.79e3 3.89e3 
Challenged clutch 4 5.51e4 7.49e3 1.95e5 2.75e5 1.41e4 7.46e3 4.41e3 2.16e3 
Fold change (challenged) 1.8 0.4 0.7 5.0 0.5 0.6 0.9 0.6 
Mean fold change 
(challenged; ± SEM) 1.4±0.3 1.2±0.3 0.7±0.1 2.7±1.0 1.8±0.8 5.5±3.0 3.4±1.7 2.6±1.2 
a  Lyso-PAF C:16 and lyso-PAF C:18 
b  Clutch 1 was used for GNPS molecular networking in Fig. 6  
c  Below limit for MS/MS and thus not detected in GNPS although found to be present via MassLynx 














This work was a hugely collaborative effort to sequence the genome and assemble one 
comprehensive transcriptome of the Hawaiian bobtail squid, Euprymna scolopes. My 
contribution was the sequencing of host RNA from ANG tissue, assisting with analysis of ANG 
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Appendix IV: Percent of secondary metabolite genes expressed in the ANG and JC metatranscriptomes 
Cluster 
number 









Percent of total genes expressed Percent of biosynthetic genes expressed 
















1 terpene 2 1 50.0 0.0 0.0 50.0 100.0 0.0 0.0 0.0 
2 bacteriocin 6 3 16.7 83.3 66.7 83.3 0.0 66.7 33.3 66.7 
3 terpene 22 1 4.5 9.1 13.6 27.3 0.0 0.0 0.0 0.0 
4 terpene 7 1 85.7 100.0 100.0 100.0 0.0 100.0 100.0 100.0 
5 other 5 2 40.0 40.0 80.0 80.0 50.0 50.0 50.0 50.0 
6 HSL 5 1 40.0 80.0 80.0 80.0 100.0 100.0 100.0 100.0 
7 HSL 14 1 0.0 0.0 28.6 42.9 0.0 0.0 0.0 100.0 
8 HSL 20 2 85.0 90.0 85.0 90.0 50.0 50.0 0.0 50.0 
9 terpene 7 1 57.1 100.0 100.0 100.0 0.0 100.0 100.0 100.0 
10 terpene 7 1 0.0 71.4 85.7 100.0 0.0 100.0 100.0 100.0 
11 HSL 7 1 71.4 85.7 71.4 57.1 100.0 100.0 100.0 100.0 
12 HSL 22 2 68.2 72.7 77.3 72.7 50.0 100.0 100.0 100.0 
13 HSL 26 1 42.3 84.6 84.6 84.6 100.0 100.0 100.0 100.0 
14 T3PKS 3 2 66.7 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
15 NRPS 15 2 53.3 73.3 80.0 73.3 100.0 100.0 100.0 100.0 
16 Bacteriocin 5 1 80.0 100.0 80.0 100.0 100.0 100.0 100.0 100.0 
17 HSL 6 1 83.3 50.0 50.0 83.3 100.0 0.0 100.0 100.0 
18 terpene 7 1 57.1 71.4 57.1 57.1 0.0 0.0 100.0 100.0 
19 Bacteriocin 3 1 66.7 33.3 33.3 66.7 100.0 0.0 0.0 100.0 
20 HSL 3 1 66.7 33.3 33.3 66.7 100.0 100.0 100.0 100.0 
21 T3PKS-
arylpolyene 
27 5 7.4 11.1 14.8 22.2 0.0 0.0 0.0 20.0 
22 terpene 2 1 0.0 100.0 50.0 50.0 0.0 100.0 100.0 100.0 
23 T1PKS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
24 HSL 2 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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25 terpene 25 1 88.0 76.0 68.0 72.0 0.0 0.0 0.0 0.0 
26 HSL 9 2 66.7 77.8 55.6 88.9 50.0 50.0 0.0 50.0 
27 HSL 4 1 50.0 50.0 50.0 50.0 100.0 100.0 100.0 100.0 
28 Bacteriocin 13 3 53.8 38.5 38.5 30.8 0.0 0.0 0.0 33.3 
29 ectoine 7 2 57.1 85.7 85.7 85.7 0.0 50.0 50.0 50.0 
30 HSL 5 1 60.0 80.0 60.0 60.0 100.0 100.0 100.0 100.0 
31 T1PKS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
32 HSL 9 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
33 terpene 3 1 0.0 0.0 33.3 66.7 0.0 0.0 100.0 100.0 
34 HSL 9 2 88.9 77.8 88.9 88.9 50.0 0.0 50.0 50.0 
35 Bacteriocin 3 1 33.3 0.0 0.0 0.0 100.0 0.0 0.0 0.0 
36 Bacteriocin 4 1 75.0 50.0 50.0 50.0 100.0 100.0 100.0 100.0 
37 terpene 3 1 66.7 66.7 100.0 100.0 100.0 100.0 100.0 100.0 
38 Bacteriocin 15 3 86.7 80.0 66.7 73.3 100.0 66.7 66.7 66.7 
39 cyanobactin 2 1 0.0 0.0 50.0 50.0 0.0 0.0 100.0 100.0 
40 T1PKS 1 1 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 
41 NRPS 14 2 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
42 terpene 10 2 10.0 30.0 10.0 50.0 0.0 0.0 50.0 50.0 
43 HSL 2 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
44 terpene 20 4 30.0 20.0 60.0 60.0 0.0 25.0 50.0 25.0 
45 HSL 17 2 82.4 70.6 64.7 64.7 100.0 100.0 100.0 100.0 
46 ectoine 5 1 60.0 60.0 60.0 60.0 100.0 0.0 100.0 0.0 
47 Bacteriocin 2 1 50.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0 
48 NRPS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
49 Bacteriocin 2 1 50.0 100.0 0.0 50.0 0.0 100.0 0.0 0.0 
50 HSL 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
51 other 54 1 90.7 83.3 79.6 79.6 100.0 100.0 0.0 100.0 
52 other 1 1 100.0 100.0 100.0 0.0 100.0 100.0 100.0 0.0 
53 HSL 18 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
54 HSL 23 3 65.2 73.9 87.0 91.3 66.7 66.7 66.7 66.7 
55 T3PKS 32 5 9.4 21.9 34.4 31.3 0.0 0.0 0.0 0.0 
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56 terpene 2 1 50.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0 
57 HSL 5 1 40.0 80.0 20.0 80.0 100.0 100.0 0.0 100.0 
58 Bacteriocin 11 1 63.6 18.2 36.4 81.8 0.0 0.0 0.0 100.0 
59 Bacteriocin 3 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
60 HSL 10 2 90.0 80.0 90.0 80.0 50.0 50.0 100.0 50.0 
61 other 5 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
62 HSL 19 2 84.2 84.2 57.9 73.7 50.0 50.0 50.0 50.0 
63 Bacteriocin 10 1 70.0 60.0 70.0 60.0 0.0 0.0 100.0 100.0 
64 Bacteriocin 7 1 57.1 85.7 85.7 100.0 0.0 0.0 100.0 100.0 
65 HSL 2 1 100.0 100.0 0.0 100.0 100.0 100.0 0.0 100.0 
66 Bacteriocin 14 3 35.7 64.3 57.1 64.3 66.7 66.7 66.7 66.7 
67 terpene 3 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
68 HSL 16 2 68.8 75.0 87.5 87.5 100.0 100.0 100.0 100.0 
69 other 4 1 75.0 75.0 50.0 75.0 100.0 100.0 100.0 100.0 
70 arylpolyene 38 2 63.2 73.7 73.7 81.6 100.0 100.0 100.0 100.0 
71 terpene 11 1 27.3 18.2 36.4 45.5 0.0 0.0 0.0 100.0 
72 terpene 12 1 75.0 75.0 75.0 75.0 0.0 100.0 0.0 0.0 
73 terpene 17 2 88.2 88.2 76.5 94.1 100.0 100.0 50.0 100.0 
74 nucleoside 3 1 100.0 33.3 33.3 66.7 100.0 0.0 0.0 0.0 
75 Bacteriocin 6 1 83.3 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
76 Bacteriocin 4 1 0.0 0.0 50.0 75.0 0.0 0.0 100.0 0.0 
77 NRPS 15 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
78 Bacteriocin 7 1 0.0 0.0 0.0 28.6 0.0 0.0 0.0 0.0 
79 siderophore 6 2 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
80 T1PKS 3 1 0.0 0.0 0.0 33.3 0.0 0.0 0.0 0.0 
81 HSL 8 1 25.0 25.0 37.5 50.0 0.0 0.0 0.0 0.0 
82 Bacteriocin 6 1 83.3 83.3 100.0 100.0 100.0 100.0 100.0 100.0 
83 terpene 4 1 0.0 25.0 25.0 25.0 0.0 0.0 0.0 0.0 
84 arylpolyene 4 2 0.0 0.0 25.0 50.0 0.0 0.0 0.0 50.0 
85 terpene 14 1 71.4 71.4 64.3 64.3 100.0 0.0 0.0 0.0 
86 thiopeptide 35 12 74.3 82.9 68.6 71.4 41.7 66.7 66.7 75.0 
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87 arylpolyene 9 4 0.0 55.6 55.6 66.7 0.0 75.0 75.0 100.0 
88 Bacteriocin 3 1 100.0 33.3 100.0 100.0 100.0 0.0 100.0 100.0 
89 terpene 3 1 0.0 66.7 66.7 66.7 0.0 100.0 100.0 100.0 
90 NRPS 13 2 53.8 92.3 76.9 76.9 100.0 100.0 50.0 100.0 
91 HSL 5 2 40.0 80.0 80.0 60.0 0.0 50.0 50.0 50.0 
92 HSL 29 2 31.0 75.9 69.0 69.0 100.0 100.0 100.0 100.0 
93 thiopeptide 23 3 82.6 82.6 82.6 87.0 100.0 100.0 100.0 100.0 
94 Bacteriocin 4 1 75.0 75.0 75.0 75.0 100.0 100.0 100.0 100.0 
95 Bacteriocin 2 1 0.0 50.0 0.0 0.0 0.0 0.0 0.0 0.0 
96 T1PKS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
97 T3PKS 3 1 66.7 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
98 arylpolyene 6 3 66.7 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
99 T1PKS 23 2 87.0 69.6 69.6 69.6 100.0 100.0 100.0 50.0 
100 other 4 1 50.0 0.0 25.0 0.0 100.0 0.0 0.0 0.0 
101 other 12 2 83.3 58.3 41.7 50.0 100.0 50.0 0.0 0.0 
102 other 8 1 100.0 62.5 75.0 50.0 100.0 0.0 0.0 0.0 
103 other 4 1 75.0 75.0 75.0 75.0 100.0 100.0 100.0 100.0 
104 arylpolyene 40 8 70.0 15.0 50.0 95.0 100.0 25.0 87.5 100.0 
105 terpene 6 1 50.0 66.7 100.0 100.0 0.0 0.0 100.0 100.0 
106 NRPS 1 1 100.0 0.0 0.0 100.0 100.0 0.0 0.0 100.0 
107 HSL 4 1 75.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0 
108 other 25 1 36.0 52.0 44.0 48.0 0.0 0.0 0.0 0.0 
109 thiopeptide 29 2 86.2 82.8 79.3 75.9 100.0 100.0 100.0 100.0 
110 other 3 2 66.7 33.3 33.3 66.7 100.0 50.0 50.0 100.0 
111 terpene 2 1 0.0 0.0 0.0 50.0 0.0 0.0 0.0 0.0 
112 NRPS 46 4 58.7 52.2 47.8 47.8 25.0 50.0 25.0 50.0 
113 NRPS 8 3 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
114 Bacteriocin 3 1 100.0 66.7 100.0 66.7 100.0 0.0 100.0 0.0 
115 T3PKS 2 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
116 Bacteriocin 8 1 87.5 75.0 37.5 75.0 100.0 100.0 0.0 100.0 
117 Bacteriocin 2 1 100.0 100.0 50.0 0.0 100.0 100.0 100.0 0.0 
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118 NRPS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
119 other 3 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
120 T1PKS 26 8 88.5 88.5 76.9 88.5 100.0 100.0 100.0 100.0 
121 ectoine 10 3 60.0 50.0 40.0 60.0 33.3 33.3 0.0 33.3 
122 HSL 5 2 60.0 40.0 80.0 80.0 50.0 0.0 100.0 100.0 
123 ectoine 13 1 7.7 0.0 46.2 46.2 0.0 0.0 0.0 100.0 
124 other 5 1 80.0 80.0 60.0 60.0 100.0 100.0 100.0 100.0 
125 NRPS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
126 other 15 5 60.0 40.0 66.7 73.3 60.0 40.0 60.0 60.0 
127 arylpolyene 6 2 66.7 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
128 NRPS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
129 HSL 2 1 100.0 100.0 50.0 100.0 100.0 100.0 100.0 100.0 
130 NRPS 12 3 33.3 75.0 83.3 66.7 33.3 66.7 66.7 66.7 
131 HSL 11 1 18.2 18.2 45.5 27.3 0.0 0.0 0.0 0.0 
132 NRPS 2 2 50.0 0.0 0.0 100.0 50.0 0.0 0.0 100.0 
133 terpene 8 3 12.5 37.5 25.0 25.0 0.0 33.3 33.3 33.3 
134 HSL 3 1 100.0 33.3 66.7 66.7 100.0 0.0 0.0 100.0 
135 HSL 19 2 52.6 47.4 47.4 47.4 100.0 100.0 50.0 50.0 
136 Bacteriocin 2 1 50.0 0.0 0.0 50.0 0.0 0.0 0.0 100.0 
137 T1PKS 1 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
138 HSL 2 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
139 HSL 10 2 90.0 80.0 80.0 90.0 100.0 50.0 100.0 100.0 
140 Bacteriocin 2 1 0.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0 
141 HSL 12 1 75.0 66.7 50.0 50.0 100.0 0.0 0.0 0.0 
142 other 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
143 terpene 8 2 37.5 12.5 37.5 25.0 0.0 0.0 0.0 0.0 
144 HSL 17 1 94.1 94.1 94.1 100.0 100.0 100.0 100.0 100.0 
145 HSL 7 1 14.3 42.9 42.9 57.1 0.0 0.0 0.0 0.0 
146 ectoine 13 1 38.5 23.1 30.8 46.2 100.0 100.0 0.0 100.0 
147 other 3 1 66.7 0.0 100.0 0.0 100.0 0.0 100.0 0.0 
148 Bacteriocin 6 3 0.0 16.7 50.0 83.3 0.0 33.3 66.7 100.0 
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149 Bacteriocin 10 1 80.0 70.0 70.0 70.0 0.0 0.0 0.0 0.0 
150 Bacteriocin 3 1 66.7 66.7 33.3 66.7 0.0 0.0 0.0 0.0 
151 HSL 2 1 100.0 100.0 50.0 100.0 100.0 100.0 0.0 100.0 
152 terpene 2 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
153 T1PKS-NRPS 6 2 50.0 100.0 100.0 100.0 50.0 100.0 100.0 100.0 
154 siderophore 1 1 100.0 0.0 100.0 100.0 100.0 0.0 100.0 100.0 
155 Bacteriocin 3 1 33.3 0.0 66.7 100.0 100.0 0.0 100.0 100.0 
156 NRPS 25 3 96.0 92.0 96.0 92.0 100.0 100.0 100.0 100.0 
157 T1PKS 11 4 72.7 81.8 45.5 72.7 75.0 50.0 50.0 50.0 
158 Bacteriocin 16 2 81.3 75.0 81.3 87.5 100.0 100.0 100.0 100.0 
159 Bacteriocin 17 2 29.4 52.9 58.8 70.6 0.0 50.0 50.0 100.0 
160 NRPS 7 1 57.1 14.3 57.1 100.0 100.0 0.0 0.0 100.0 
161 terpene 22 1 63.6 86.4 68.2 86.4 100.0 100.0 0.0 100.0 
162 Bacteriocin 2 1 100.0 50.0 50.0 50.0 100.0 100.0 0.0 100.0 
163 terpene 8 1 25.0 62.5 75.0 75.0 0.0 100.0 100.0 100.0 
164 ectoine 14 1 35.7 42.9 50.0 50.0 100.0 0.0 100.0 100.0 
165 terpene 3 1 66.7 66.7 66.7 100.0 0.0 0.0 0.0 100.0 
166 siderophore 2 2 0.0 0.0 50.0 50.0 0.0 0.0 50.0 50.0 
167 other 21 7 42.9 47.6 28.6 47.6 57.1 71.4 57.1 71.4 
168 HSL 4 1 100.0 100.0 50.0 100.0 100.0 100.0 0.0 100.0 
169 terpene 16 1 18.8 25.0 31.3 31.3 0.0 0.0 0.0 0.0 
170 terpene 23 2 87.0 91.3 82.6 82.6 100.0 100.0 100.0 100.0 
171 HSL 18 4 94.4 94.4 94.4 94.4 100.0 100.0 100.0 100.0 
172 NRPS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
173 siderophore 2 1 50.0 50.0 0.0 0.0 100.0 100.0 0.0 0.0 
174 terpene 3 1 33.3 33.3 33.3 66.7 0.0 0.0 0.0 0.0 
175 Bacteriocin 7 1 57.1 85.7 42.9 100.0 0.0 100.0 0.0 100.0 
176 Bacteriocin 7 1 85.7 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
177 HSL 22 1 4.5 18.2 9.1 9.1 0.0 0.0 0.0 0.0 
178 HSL 16 1 62.5 81.3 81.3 93.8 100.0 100.0 0.0 100.0 





9 2 88.9 100.0 88.9 88.9 100.0 100.0 100.0 100.0 
181 HSL 4 1 75.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
182 terpene 20 2 25.0 65.0 80.0 80.0 50.0 100.0 50.0 100.0 
183 Bacteriocin 15 3 53.3 46.7 66.7 60.0 66.7 33.3 66.7 66.7 
184 ectoine 10 2 30.0 40.0 60.0 60.0 0.0 0.0 50.0 50.0 
185 NRPS 3 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
186 other 2 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
187 HSL 2 1 0.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0 
188 Bacteriocin 6 1 33.3 33.3 33.3 83.3 0.0 0.0 0.0 100.0 
189 other 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
190 HSL 14 1 92.9 92.9 85.7 92.9 100.0 100.0 100.0 100.0 
191 siderophore 3 2 100.0 100.0 66.7 66.7 100.0 100.0 100.0 100.0 
192 HSL 18 1 5.6 16.7 16.7 22.2 0.0 0.0 0.0 0.0 
193 other 41 1 97.6 82.9 70.7 65.9 100.0 100.0 100.0 100.0 
194 NRPS 27 4 55.6 51.9 48.1 48.1 100.0 100.0 75.0 75.0 
195 siderophore 4 3 75.0 50.0 50.0 50.0 66.7 33.3 33.3 33.3 
196 other 13 2 30.8 38.5 46.2 46.2 0.0 50.0 50.0 50.0 
197 T1PKS-NRPS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
198 HSL 12 2 91.7 66.7 75.0 75.0 50.0 0.0 50.0 50.0 
199 ectoine 13 1 53.8 38.5 46.2 61.5 0.0 100.0 100.0 100.0 
200 other 2 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
201 T1PKS 1 1 0.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0 
202 HSL 7 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
203 HSL 13 2 76.9 76.9 69.2 84.6 100.0 50.0 50.0 50.0 
204 ectoine 5 1 80.0 80.0 60.0 80.0 0.0 0.0 0.0 100.0 
205 HSL 2 1 100.0 0.0 100.0 50.0 100.0 0.0 100.0 0.0 
206 arylpolyene 4 2 0.0 50.0 75.0 75.0 0.0 100.0 100.0 100.0 
207 other 10 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
208 HSL 25 2 72.0 88.0 92.0 96.0 50.0 100.0 100.0 100.0 
209 T1PKS 2 1 50.0 50.0 50.0 50.0 100.0 100.0 100.0 100.0 
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210 siderophore 3 2 100.0 66.7 66.7 66.7 100.0 100.0 100.0 100.0 
211 arylpolyene 5 3 100.0 100.0 100.0 80.0 100.0 100.0 100.0 100.0 
212 terpene 2 1 100.0 50.0 0.0 50.0 100.0 100.0 0.0 100.0 
213 terpene 2 1 50.0 0.0 100.0 50.0 100.0 0.0 100.0 100.0 
214 HSL 2 1 50.0 50.0 50.0 50.0 0.0 0.0 100.0 0.0 
215 T1PKS 2 1 50.0 50.0 50.0 50.0 0.0 0.0 0.0 0.0 
216 Bacteriocin 2 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
217 NRPS 42 4 69.0 92.9 90.5 95.2 50.0 75.0 75.0 75.0 
218 HSL 17 1 47.1 35.3 41.2 29.4 100.0 0.0 0.0 0.0 
219 HSL 5 1 100.0 100.0 80.0 80.0 100.0 100.0 100.0 100.0 
220 NRPS 36 13 88.9 91.7 88.9 88.9 92.3 100.0 92.3 92.3 
221 ectoine 6 2 16.7 33.3 50.0 66.7 0.0 50.0 100.0 100.0 
222 HSL 5 1 40.0 100.0 60.0 60.0 100.0 100.0 0.0 0.0 
223 NRPS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
224 NRPS 4 2 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
225 HSL 3 1 100.0 100.0 100.0 66.7 100.0 100.0 100.0 100.0 
226 other 7 2 28.6 85.7 57.1 85.7 50.0 100.0 100.0 100.0 
227 HSL 2 1 50.0 50.0 100.0 100.0 0.0 100.0 100.0 100.0 
228 ectoine 3 1 0.0 33.3 0.0 0.0 0.0 0.0 0.0 0.0 
229 NRPS 27 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
230 terpene 2 1 100.0 0.0 50.0 50.0 100.0 0.0 0.0 0.0 
231 HSL 2 1 50.0 50.0 100.0 100.0 0.0 0.0 100.0 100.0 
232 terpene 7 1 42.9 85.7 85.7 85.7 0.0 100.0 100.0 100.0 
233 HSL 15 2 13.3 26.7 46.7 60.0 0.0 50.0 100.0 50.0 
234 HSL 3 1 33.3 66.7 66.7 66.7 100.0 100.0 100.0 100.0 
235 Bacteriocin 4 1 50.0 50.0 50.0 100.0 100.0 0.0 100.0 100.0 
236 Bacteriocin 11 3 90.9 72.7 54.5 45.5 100.0 66.7 33.3 66.7 
237 HSL 14 2 0.0 7.1 7.1 7.1 0.0 0.0 0.0 0.0 
238 terpene 2 1 0.0 50.0 50.0 50.0 0.0 100.0 100.0 100.0 
239 T1PKS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
240 NRPS 4 2 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
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241 terpene 4 1 75.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0 
242 other 2 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
243 terpene 3 1 100.0 33.3 100.0 33.3 100.0 0.0 100.0 0.0 
244 HSL 22 1 4.5 0.0 9.1 13.6 0.0 0.0 0.0 0.0 
245 NRPS 17 2 0.0 0.0 0.0 5.9 0.0 0.0 0.0 50.0 
246 T1PKS 21 4 57.1 66.7 76.2 90.5 25.0 25.0 75.0 75.0 
247 T1PKS 1 1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
248 HSL 4 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
249 Bacteriocin 2 1 50.0 50.0 50.0 50.0 0.0 0.0 0.0 0.0 
250 other 9 5 100.0 77.8 77.8 77.8 100.0 80.0 80.0 60.0 
251 terpene 26 2 50.0 69.2 84.6 88.5 50.0 100.0 100.0 100.0 
252 Bacteriocin 12 2 66.7 75.0 83.3 83.3 100.0 50.0 100.0 100.0 
253 Bacteriocin 14 2 50.0 71.4 78.6 78.6 50.0 50.0 50.0 50.0 
254 Bacteriocin 12 1 25.0 50.0 66.7 75.0 0.0 100.0 100.0 0.0 













Appendix V: Verrucomicrobia PD13 Bin 1 MAG gene expression (average TPM values) in ANG and JC metatranscriptomes. 
























Arylsulfatase 1 Arylsulfatase 39.0 24.6 33.8 10.4 51.8 32.6 47.1 26.5 
Arylsulfatase 2 Arylsulfatase 56.2 36.0 54.5 35.3 61.4 24.2 66.7 26.5 
Arylsulfatase 3 Arylsulfatase 34.4 22.8 37.7 33.6 48.3 29.4 49.2 20.7 
Arylsulfatase 4 Arylsulfatase 30.1 21.4 22.0 15.3 18.0 15.0 21.8 18.4 
Arylsulfatase 5 Arylsulfatase 37.8 30.7 30.3 16.5 24.6 9.0 16.9 7.6 
Arylsulfatase 6 Arylsulfatase 37.0 15.1 32.0 11.3 30.4 14.7 25.9 18.3 
Arylsulfatase 7 Arylsulfatase 38.5 23.9 27.3 18.4 47.4 25.7 48.4 29.1 
Arylsulfatase 8 Arylsulfatase 45.8 17.3 28.5 15.5 47.4 18.8 52.7 20.5 
Arylsulfatase 9 Arylsulfatase 52.6 43.1 34.1 36.5 29.3 29.3 30.0 27.0 
Arylsulfatase 10 Arylsulfatase 31.3 13.6 28.8 13.1 26.6 11.5 32.9 12.7 
Arylsulfatase 11 Arylsulfatase 13.9 11.6 12.2 12.2 13.0 12.9 18.6 17.1 
Arylsulfatase 12 Arylsulfatase 40.7 29.6 27.7 25.7 42.5 48.3 36.6 38.1 
Arylsulfatase 13 Arylsulfatase 30.7 17.2 27.4 26.1 36.2 17.9 41.3 12.4 
Arylsulfatase 14 Arylsulfatase 42.9 30.5 24.9 16.0 30.8 14.1 30.0 15.9 
Arylsulfatase 15 Arylsulfatase 25.5 14.9 24.3 10.6 28.0 10.6 22.6 14.7 
Arylsulfatase 16 Arylsulfatase 14.1 7.0 10.2 5.8 13.3 8.3 13.7 5.2 
Arylsulfatase 17 Arylsulfatase 7.8 6.1 4.3 5.7 6.1 7.9 16.3 17.8 
Arylsulfatase 18 Arylsulfatase 6.8 6.1 5.8 3.4 11.0 4.8 13.0 7.3 
Arylsulfatase 19 Arylsulfatase 43.7 34.2 34.0 20.3 21.8 12.8 21.8 12.2 
Arylsulfatase 20 Arylsulfatase 80.9 75.0 91.4 63.4 55.4 47.2 57.5 50.7 
Arylsulfatase 21 Arylsulfatase 31.6 14.6 25.1 15.1 23.8 15.5 30.6 14.7 
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Arylsulfatase 22 Arylsulfatase 16.3 13.9 14.1 13.0 19.4 12.2 23.1 16.3 
Arylsulfatase 23 Arylsulfatase 25.0 17.2 20.8 15.0 24.2 10.6 24.7 10.6 
Arylsulfatase 24 Arylsulfatase 43.2 28.5 30.1 15.9 82.5 44.6 81.8 43.7 
Arylsulfatase 25 Arylsulfatase 11.3 7.1 13.5 6.7 17.6 12.0 12.7 2.9 
Arylsulfatase 26 Arylsulfatase 8.0 5.7 8.2 6.5 11.8 8.1 11.8 6.3 
Arylsulfatase 27 Arylsulfatase 18.6 9.8 31.7 26.0 32.6 15.1 34.1 10.2 
Arylsulfatase 28 Arylsulfatase 9.7 4.3 9.4 7.4 15.2 7.1 19.3 12.4 
Arylsulfatase 29 Arylsulfatase 13.2 7.6 14.9 9.7 17.5 11.1 19.4 13.1 
Arylsulfatase 30 Arylsulfatase 33.5 15.2 34.0 17.7 35.5 17.6 37.4 11.7 
Arylsulfatase 31 Arylsulfatase 17.6 11.0 19.7 10.6 18.5 11.3 27.7 9.7 
Arylsulfatase 32 Arylsulfatase 68.7 48.3 51.2 15.8 36.8 16.4 33.8 14.3 
Arylsulfatase 33 Arylsulfatase 32.0 15.7 25.9 16.8 26.1 9.1 39.0 20.4 
Arylsulfatase 34 Arylsulfatase 22.6 17.7 11.1 8.2 11.0 9.5 7.1 3.7 
Arylsulfatase 35 Arylsulfatase 392.8 203.1 400.0 333.0 709.0 391.4 723.5 394.2 
Arylsulfatase 36 Arylsulfatase 65.8 44.1 64.4 42.6 59.1 41.7 64.9 49.1 
Arylsulfatase 37 Arylsulfatase 12.9 10.3 9.1 7.6 10.5 7.3 8.5 5.9 
Arylsulfatase 38 Arylsulfatase 32.0 13.1 26.4 16.3 28.4 12.8 33.4 18.3 
Arylsulfatase 39 Arylsulfatase 25.1 11.1 20.2 14.6 27.3 13.9 24.3 11.9 
Arylsulfatase 40 Arylsulfatase 70.1 42.7 93.1 51.7 55.1 22.7 54.5 24.9 
Arylsulfatase 41 Arylsulfatase 19.7 10.3 17.7 12.2 13.2 7.1 14.7 3.9 
Arylsulfatase 42 Arylsulfatase 39.9 30.2 41.3 22.7 28.7 20.4 32.0 26.6 
Arylsulfatase 43 Arylsulfatase 26.4 18.4 27.2 25.1 30.2 19.3 24.4 18.1 
Arylsulfatase 44 Arylsulfatase 28.3 14.4 24.7 17.3 24.0 11.7 27.6 13.8 
Arylsulfatase 45 Arylsulfatase 6.5 5.2 7.5 5.5 8.7 7.7 10.4 13.3 
Arylsulfatase 46 Arylsulfatase 93.4 43.3 113.0 82.7 77.0 47.6 75.8 38.3 
Arylsulfatase 47 Arylsulfatase 28.9 14.4 23.6 13.1 25.2 15.1 38.6 22.2 
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Arylsulfatase 48 Arylsulfatase 23.9 12.7 24.1 8.2 20.4 11.3 21.3 9.0 
Arylsulfatase 49 Arylsulfatase 9.6 6.0 10.8 8.2 8.7 7.2 16.8 19.5 
Arylsulfatase 50 Arylsulfatase 25.8 14.6 36.3 34.3 45.0 41.2 44.1 30.6 
Arylsulfatase 51 Arylsulfatase 10.3 4.7 8.3 6.1 13.3 10.5 12.4 8.6 
Arylsulfatase 52 Arylsulfatase 22.1 9.6 21.6 14.2 26.3 14.6 32.0 18.3 
Arylsulfatase 53 Arylsulfatase 26.7 20.2 21.6 9.4 20.7 9.7 22.2 12.3 
Arylsulfatase 54 Arylsulfatase 21.3 18.6 8.2 9.6 15.5 14.8 16.0 16.3 
Arylsulfatase 55 Arylsulfatase 12.1 12.3 12.4 14.8 27.0 37.7 18.2 19.7 
Arylsulfatase 56 Arylsulfatase 29.8 18.8 25.9 15.8 28.0 16.8 33.6 18.1 
Arylsulfatase 57 Arylsulfatase 56.3 24.1 57.6 36.0 46.3 24.7 58.0 31.8 
Arylsulfatase 58 Arylsulfatase 33.1 23.2 22.4 21.0 30.3 17.0 32.3 18.1 
Arylsulfatase 59 Arylsulfatase 70.8 59.3 59.2 41.5 96.7 68.2 97.3 70.5 
Arylsulfatase 60 Arylsulfatase 130.2 56.4 112.5 74.7 254.9 107.7 280.2 144.2 
Arylsulfatase 61 Arylsulfatase 29.2 14.2 22.0 13.9 44.3 23.8 46.3 20.7 
Arylsulfatase 62 Arylsulfatase 32.6 16.7 25.6 15.6 36.5 15.8 40.0 12.1 
Arylsulfatase 63 Arylsulfatase 17.7 7.5 16.8 7.8 26.0 13.9 24.2 8.6 
Arylsulfatase 64 Arylsulfatase 17.1 5.8 15.9 8.6 13.5 6.0 19.9 5.6 
Arylsulfatase 65 Arylsulfatase 34.4 8.8 28.3 6.1 27.2 12.1 29.0 6.4 
Arylsulfatase 66 Arylsulfatase 38.6 6.9 27.6 13.1 30.0 11.8 30.5 11.4 
Arylsulfatase 67 Arylsulfatase 29.7 16.2 18.5 13.6 21.6 14.3 20.9 10.5 
Arylsulfatase 68 Arylsulfatase 29.0 9.9 20.7 11.6 22.4 11.4 24.3 6.8 
Arylsulfatase 69 Arylsulfatase 60.3 31.8 60.4 35.4 40.0 23.1 55.5 35.5 
Arylsulfatase 70 Arylsulfatase 33.5 19.1 25.9 19.1 37.7 20.3 34.2 19.9 
Arylsulfatase 71 Arylsulfatase 45.8 24.6 33.5 24.4 36.4 19.3 38.2 18.7 
Arylsulfatase 72 Arylsulfatase 15.8 9.2 12.6 5.6 7.9 2.8 14.0 5.0 
Arylsulfatase 73 Arylsulfatase 24.0 16.1 24.6 15.1 37.4 26.9 35.9 18.8 
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Arylsulfatase 74 Arylsulfatase 497.8 374.0 909.8 609.0 761.4 352.5 848.1 282.8 
Arylsulfatase 75 Arylsulfatase 84.5 54.6 78.9 63.7 99.1 62.3 102.0 45.3 
Arylsulfatase 76 Arylsulfatase 18.2 13.2 19.0 16.3 38.1 23.8 31.9 26.8 
Arylsulfatase 77 Arylsulfatase 40.6 24.0 35.7 30.3 44.0 23.1 54.5 26.5 
Arylsulfatase 78 Arylsulfatase 15.2 12.2 13.3 5.7 16.8 8.9 15.0 4.2 
Arylsulfatase 79 Arylsulfatase 43.1 17.8 33.7 17.5 31.4 12.0 29.0 13.2 
Arylsulfatase 80 Arylsulfatase 12.7 9.3 13.1 7.4 12.5 9.8 14.6 15.7 
Arylsulfatase 81 Arylsulfatase 55.1 40.6 45.2 45.5 63.9 61.6 59.3 56.1 
Arylsulfatase 82 Arylsulfatase 17.6 17.9 9.5 7.6 11.0 9.9 9.8 8.7 
Arylsulfatase 83 Arylsulfatase 22.3 16.6 19.9 16.3 18.3 16.8 21.1 15.9 
Arylsulfatase 84 Arylsulfatase 24.6 20.8 13.9 7.9 8.5 5.5 12.2 10.4 
Arylsulfatase 85 Arylsulfatase 11.8 7.1 9.9 7.5 14.4 6.5 15.3 2.4 
Arylsulfatase 86 Arylsulfatase 13.4 14.0 12.8 9.5 15.5 13.2 18.7 14.4 
Arylsulfatase 87 Arylsulfatase 30.6 19.9 27.3 23.0 24.3 16.6 21.7 13.8 
Arylsulfatase 88 Arylsulfatase 18.2 9.6 9.8 6.3 9.5 5.0 9.9 5.2 
Arylsulfatase 89 Arylsulfatase 16.1 7.0 13.0 3.9 11.6 5.0 10.3 8.3 
Arylsulfatase 90 Arylsulfatase 32.6 19.5 32.8 24.2 34.3 12.4 35.8 23.5 
Arylsulfatase 91 Arylsulfatase 68.5 44.6 20.8 7.5 19.6 13.3 26.2 18.8 
Arylsulfatase 92 Arylsulfatase 18.9 10.7 16.1 6.3 25.0 19.6 25.8 18.0 
Arylsulfatase 93 Arylsulfatase 38.5 30.5 24.5 25.0 67.7 59.5 90.1 81.3 
Arylsulfatase 94 Arylsulfatase 31.3 13.2 19.2 8.6 20.5 7.8 23.0 4.9 
Arylsulfatase 95 Arylsulfatase 15.9 6.0 14.8 10.6 18.0 9.8 16.4 8.1 
Arylsulfatase 96 Arylsulfatase 43.0 17.9 36.8 26.7 37.4 14.2 33.9 10.5 
Arylsulfatase 97 Arylsulfatase 101.0 48.4 113.7 60.6 91.7 57.2 85.5 50.3 
Arylsulfatase 98 Arylsulfatase 44.8 21.6 41.1 26.7 50.9 30.6 44.5 18.7 
Arylsulfatase 99 Arylsulfatase 19.4 12.4 20.2 20.3 19.0 14.6 19.5 13.0 
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Arylsulfatase 100 Arylsulfatase 12.3 8.4 8.8 6.5 4.8 2.7 10.2 12.7 
Arylsulfatase 101 Arylsulfatase 9.6 7.4 5.6 4.5 6.9 5.4 7.8 7.4 
Arylsulfatase 102 Arylsulfatase 12.0 7.4 5.8 4.2 7.6 7.5 8.6 8.8 
Arylsulfatase 103 Arylsulfatase 32.5 23.6 20.6 15.9 19.4 19.5 23.1 18.3 
Arylsulfatase 104 Arylsulfatase 20.4 15.3 21.1 17.9 23.4 14.1 22.6 10.4 
Arylsulfatase 105 Arylsulfatase 20.0 13.6 20.6 9.1 18.0 9.7 17.2 10.3 
Arylsulfatase 106 Arylsulfatase 37.9 17.3 40.5 20.6 50.7 15.0 53.1 14.4 
Arylsulfatase 107 Arylsulfatase 35.4 16.0 38.7 24.5 53.4 21.8 59.3 23.7 
Arylsulfatase 108 Arylsulfatase 184.4 111.6 156.3 117.0 135.8 99.7 154.1 95.9 
Arylsulfatase 109 Arylsulfatase 14.3 9.5 13.3 9.3 24.4 11.1 21.8 8.3 
Arylsulfatase 110 Arylsulfatase 38.7 13.8 30.2 17.5 33.7 16.8 35.5 12.9 
Arylsulfatase 111 Arylsulfatase 29.9 17.2 22.4 16.1 24.6 11.9 27.1 13.2 
Arylsulfatase 112 Arylsulfatase 62.4 21.7 49.8 30.2 63.8 39.5 44.0 22.9 
Arylsulfatase 113 Arylsulfatase 34.2 11.1 24.8 17.9 23.9 10.4 22.9 8.4 
Arylsulfatase 114 Arylsulfatase 60.1 29.7 53.7 38.6 76.6 52.2 84.1 51.1 
Arylsulfatase 115 Arylsulfatase 34.2 22.7 28.1 19.1 32.3 15.8 36.8 19.3 
Arylsulfatase 116 Arylsulfatase 7.9 5.8 4.1 3.2 6.7 6.6 4.9 4.5 
Arylsulfatase 117 Arylsulfatase 31.0 18.1 27.4 22.4 26.2 11.1 31.1 20.0 
Arylsulfatase 118 Arylsulfatase 35.9 35.7 28.4 29.5 15.2 11.7 34.2 34.5 
Arylsulfatase 119 Arylsulfatase 108.0 58.9 94.4 66.8 118.5 53.8 116.3 40.8 
Arylsulfatase 120 Arylsulfatase 95.5 80.8 118.4 143.4 123.4 124.7 126.8 121.9 
Arylsulfatase 121 Arylsulfatase 48.0 42.7 54.0 67.0 64.1 54.6 59.3 56.8 
Arylsulfatase 122 Arylsulfatase 42.6 25.8 38.9 42.5 47.2 42.6 48.6 44.9 
Arylsulfatase 123 Arylsulfatase 23.1 14.2 24.7 23.8 41.7 36.5 33.6 23.8 
Arylsulfatase 124 Arylsulfatase 108.8 136.8 89.6 71.5 58.6 50.2 62.5 51.6 
Arylsulfatase 125 Arylsulfatase 20.0 14.2 15.8 14.0 19.0 15.1 19.7 10.6 
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Arylsulfatase 126 Arylsulfatase 5.7 8.0 5.1 5.8 8.7 8.2 5.3 3.1 
Arylsulfatase 127 Arylsulfatase 15.2 10.9 11.5 5.8 14.0 13.2 13.7 11.0 
Arylsulfatase 128 Arylsulfatase 28.0 15.4 22.4 13.1 28.5 18.9 27.1 12.3 
Arylsulfatase 129 Arylsulfatase 9.4 8.1 8.6 8.4 5.4 5.1 8.5 8.5 
Arylsulfatase 130 Arylsulfatase 62.4 45.2 45.9 36.2 56.7 36.8 69.7 27.9 
Arylsulfatase 131 Arylsulfatase 9.2 5.0 7.9 6.9 15.5 9.7 14.7 7.2 
Arylsulfatase 132 Arylsulfatase 12.0 3.0 11.0 6.1 13.5 7.0 17.7 9.5 
Arylsulfatase 133 Arylsulfatase 25.9 13.5 26.4 15.6 46.4 27.6 34.2 16.4 
Arylsulfatase 134 Arylsulfatase 44.9 21.5 49.3 37.3 44.8 26.3 56.6 23.7 
Arylsulfatase 135 Arylsulfatase 9.8 5.7 13.2 10.6 16.7 8.0 20.7 4.5 
Arylsulfatase 136 Arylsulfatase 26.7 11.1 24.8 13.6 24.6 12.1 29.8 10.3 
Arylsulfatase 137 Arylsulfatase 18.0 10.6 12.4 9.7 18.4 10.7 15.0 5.0 
Arylsulfatase 138 Arylsulfatase 12.8 7.9 9.2 5.9 16.0 10.0 14.8 9.9 
Arylsulfatase 139 Arylsulfatase 28.6 17.7 24.6 16.6 25.4 9.6 23.5 8.4 
Arylsulfatase 140 Arylsulfatase 62.6 33.4 50.8 17.9 55.9 25.7 55.7 23.6 
Arylsulfatase 141 Arylsulfatase 40.6 27.4 33.8 25.9 53.8 39.7 62.7 24.7 
Arylsulfatase 142 Arylsulfatase 12.6 8.7 10.8 7.4 11.6 10.4 10.2 9.7 
Arylsulfatase 143 Arylsulfatase 9.5 5.3 8.2 4.5 17.8 9.9 11.2 6.9 
Arylsulfatase 144 Arylsulfatase 18.1 15.3 11.5 6.5 21.1 10.3 18.3 7.8 
Arylsulfatase 145 Arylsulfatase 14.9 11.8 7.6 6.9 15.3 7.3 14.9 5.5 
Arylsulfatase 146 Arylsulfatase 15.2 12.1 7.8 9.7 20.9 8.8 15.9 11.1 
Arylsulfatase 147 Arylsulfatase 37.7 8.0 29.5 9.4 31.5 12.5 27.4 10.7 
Arylsulfatase 148 Arylsulfatase 23.8 15.8 24.5 16.4 33.0 20.8 26.8 9.5 
Arylsulfatase 149 Arylsulfatase 30.2 10.7 20.7 8.3 26.5 11.1 26.0 11.9 
Arylsulfatase 150 Arylsulfatase 42.7 22.0 37.7 19.3 43.3 17.0 51.1 21.8 
Arylsulfatase 151 Arylsulfatase 23.5 14.6 27.5 20.0 39.4 26.8 40.2 24.1 
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Arylsulfatase 152 Arylsulfatase 54.4 24.8 39.1 8.4 35.5 15.8 44.1 14.0 
Arylsulfatase 153 Arylsulfatase 9.0 7.0 8.9 7.4 5.8 3.5 6.7 4.0 
Arylsulfatase 154 Arylsulfatase 28.1 11.5 27.8 21.6 20.7 9.0 22.7 14.5 
Arylsulfatase 155 Arylsulfatase 21.6 17.4 13.7 11.1 18.5 14.4 14.9 11.8 
Arylsulfatase 156 Arylsulfatase 20.6 13.3 15.4 13.3 19.5 12.5 21.7 14.4 
Arylsulfatase 157 Arylsulfatase 21.7 8.7 23.9 11.2 18.7 5.2 20.4 7.8 
Arylsulfatase 158 Arylsulfatase 31.1 11.3 19.2 7.7 19.3 9.5 18.0 6.4 
Arylsulfatase 159 Arylsulfatase 29.4 21.3 23.8 6.8 24.3 11.1 33.6 5.6 
Arylsulfatase 160 Arylsulfatase 18.6 9.9 14.3 10.8 17.8 7.0 20.6 6.1 
Arylsulfatase 161 Arylsulfatase 25.5 9.9 22.8 18.3 23.7 16.9 27.6 13.5 
Arylsulfatase 162 Arylsulfatase 8.8 5.6 9.6 7.7 11.2 5.5 11.2 3.4 
Arylsulfatase 163 Arylsulfatase 60.6 40.2 45.5 37.9 31.3 19.3 42.8 24.1 
Arylsulfatase 164 Arylsulfatase 12.8 7.1 12.9 14.4 13.9 11.5 17.7 6.4 
Arylsulfatase 165 Arylsulfatase 11.3 10.3 11.1 12.4 18.8 17.5 15.7 14.1 
Arylsulfatase 166 Arylsulfatase 35.9 28.2 39.5 32.2 40.8 24.7 43.3 19.2 
Arylsulfatase 167 Arylsulfatase 51.5 23.3 30.3 16.6 22.4 15.9 27.6 13.0 
Arylsulfatase 168 Arylsulfatase 124.1 47.4 84.7 57.9 84.6 39.1 96.8 32.8 
Arylsulfatase 169 Arylsulfatase 18.3 17.3 9.9 7.1 19.2 9.9 18.4 12.6 
Arylsulfatase 170 Arylsulfatase 19.3 20.1 15.0 17.4 24.0 19.8 28.6 23.0 
Arylsulfatase 171 Arylsulfatase 12.9 11.3 6.2 6.6 11.8 9.0 13.9 9.9 
Arylsulfatase 172 Arylsulfatase 10.0 5.1 8.7 7.5 10.1 10.0 14.7 9.0 
Arylsulfatase 173 Arylsulfatase 3.0 4.1 1.4 0.9 2.0 2.8 3.2 3.7 
Arylsulfatase 174 Arylsulfatase 52.6 19.5 40.5 27.9 44.1 28.0 45.3 19.6 
Arylsulfatase 175 Arylsulfatase 8.5 3.5 3.9 2.6 4.5 4.4 3.6 3.2 
Arylsulfatase 176 Arylsulfatase 27.0 15.4 15.3 9.2 17.4 14.7 12.9 6.5 
Arylsulfatase 177 Arylsulfatase 18.5 7.0 18.5 15.1 18.1 11.7 16.7 5.5 
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Arylsulfatase 178 Arylsulfatase 28.1 14.5 23.4 13.0 23.3 9.3 24.2 11.3 
Arylsulfatase 179 Arylsulfatase 110.4 72.2 105.2 44.7 55.8 31.6 70.6 27.5 
Arylsulfatase 180 Arylsulfatase 15.8 12.6 12.0 11.5 19.3 9.5 20.8 10.7 
Arylsulfatase 181 Arylsulfatase 70.0 34.4 57.6 43.5 59.0 33.0 58.8 33.2 
Arylsulfatase 182 Arylsulfatase 7.6 5.0 9.2 6.9 17.8 13.4 15.2 7.2 
Arylsulfatase 183 Arylsulfatase 22.2 10.8 20.6 16.1 39.5 29.5 36.1 20.0 
Arylsulfatase 184 Arylsulfatase 39.4 24.5 34.6 25.4 40.6 18.1 52.6 27.4 
Cell division 1 Cell division inhibitor 183.6 27.7 119.8 40.2 119.4 44.7 130.6 37.6 
Cell division 2 Cell division inhibitor, YfcH 39.1 20.6 50.2 18.7 73.0 26.5 77.0 29.1 
Cell division 3 FtsA 85.9 78.4 38.7 13.0 73.9 30.5 63.9 14.5 
Cell division 4 FtsH 636.6 204.2 507.0 207.6 427.8 204.1 459.4 247.6 
Cell division 5 FtsH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cell division 6 FtsI 313.1 178.9 245.4 203.9 249.0 176.4 267.9 156.5 
Cell division 7 FtsW 106.2 68.1 65.4 42.5 83.5 36.0 95.9 30.9 
Cell division 8 FtsZ 32.9 12.9 23.3 10.8 38.2 12.4 39.6 15.6 
Cell division 9 
Chromosomal replication initiator 
protein, DnaA 
235.3 118.1 176.0 37.4 145.3 44.8 173.4 63.5 
Cell division 10 
Chromosome partitioning protein, 
ParA 
133.8 81.7 85.6 40.6 75.8 36.9 80.6 27.7 
Cell division 11 
Chromosome partitioning protein, 
ParB 
82.2 21.8 42.4 17.1 38.6 10.1 59.1 26.9 
Cell division 12 Chromosome partition protein, smc 47.6 27.0 27.1 14.8 24.2 10.3 28.3 14.7 
Cell division 13 Rod shape-determining protein, MreB 335.7 395.2 156.4 33.3 157.2 132.9 162.5 128.7 
Cell division 14 Rod shape-determining protein, RodA 249.6 247.8 96.2 35.2 70.7 50.7 76.9 65.9 
Cell division 15 Circadian phase modifier 128.8 73.1 122.9 99.2 122.2 77.0 140.3 77.9 
Fucose 1 alpha-L-fucosidase 46.7 23.4 48.7 35.2 63.1 31.3 65.6 47.1 
Fucose 2 alpha-L-fucosidase 134.5 87.3 148.1 133.3 188.5 114.3 200.8 114.9 
Fucose 3 alpha-L-fucosidase 52.4 51.9 29.9 25.6 26.8 18.4 33.7 20.6 
320 
 
Fucose 4 alpha-L-fucosidase 94.9 51.7 70.9 46.0 67.7 34.8 70.2 27.2 
Fucose 5 alpha-L-fucosidase 86.8 32.7 126.9 53.2 123.4 66.6 122.5 56.6 
Fucose 6 alpha-L-fucosidase 25.4 12.3 18.9 9.9 24.2 11.0 20.0 6.2 
Fucose 7 alpha-L-fucosidase 31.5 18.9 25.9 19.9 14.7 8.0 11.7 12.3 
Fucose 8 alpha-L-fucosidase 113.6 62.9 105.6 79.1 121.8 53.2 114.2 46.9 
Fucose 9 alpha-L-fucosidase 11.6 9.7 11.6 7.2 12.9 5.5 19.4 11.7 
Fucose 10 alpha-L-fucosidase 21.0 17.1 21.4 19.7 24.5 16.4 18.0 11.0 
Fucose 11 alpha-L-fucosidase 70.1 30.5 58.2 27.9 60.1 18.7 65.0 16.9 
Fucose 12 alpha-L-fucosidase 39.5 16.7 32.4 24.2 36.0 33.5 37.2 20.0 
Fucose 13 alpha-L-fucosidase 55.2 29.0 45.8 12.9 60.4 22.1 71.2 16.0 
Fucose 14 alpha-L-fucosidase 20.3 14.2 13.7 12.4 17.7 14.9 21.3 22.5 
Fucose 15 alpha-L-fucosidase 331.3 266.0 286.5 214.8 569.1 388.1 736.2 603.0 
Fucose 16 alpha-L-fucosidase 37.5 23.1 21.6 10.4 32.6 19.1 39.6 16.4 
Fucose 17 alpha-L-fucosidase 15.5 11.5 12.5 9.4 20.3 9.3 20.8 13.4 
Fucose 18 alpha-L-fucosidase 11.3 8.4 11.6 10.6 8.5 5.4 13.4 8.9 
Fucose 19 alpha-L-fucosidase 19.8 14.7 8.4 7.6 8.9 5.3 9.0 5.8 
Fucose 20 alpha-L-fucosidase 11.1 7.7 11.0 10.5 15.4 7.0 19.1 11.9 
Fucose 21 alpha-L-fucosidase 55.3 50.5 28.2 30.7 25.2 12.8 35.3 13.7 
Fucose 22 alpha-L-fucosidase 117.8 130.9 61.7 83.3 38.5 20.3 43.7 30.8 
Fucose 23 alpha-L-fucosidase 28.6 13.6 27.0 18.1 28.2 19.7 32.9 20.2 
Fucose 24 alpha-L-fucosidase 78.2 36.2 36.1 23.3 21.3 12.3 28.9 13.5 
Fucose 25 Fucose permease 133.7 62.7 103.1 48.9 93.5 37.3 105.2 41.3 
Fucose 26 Fucose permease 23.7 10.8 28.1 7.4 26.1 9.2 26.1 5.6 
Fucose 27 L-fucose isomerase 408.4 211.8 228.6 232.4 92.0 56.2 121.6 64.2 
Fucose 28 L-fucose kinase 38.0 12.5 36.4 8.8 27.6 10.3 33.4 11.7 
Fucose 29 L-fucose mutarotase 42.0 10.7 37.7 16.2 44.9 19.4 44.6 17.1 
321 
 
Fucose 30 GDP-L-fucose synthetase 26.3 14.9 13.2 7.0 21.1 8.0 24.5 13.7 
Glycoside 
hydrolases 
1 GH109 102.1 54.6 65.6 39.7 85.3 47.7 87.8 52.0 
Glycoside 
hydrolases 
2 GH117 22.3 12.2 21.2 12.0 24.3 15.3 23.9 12.1 
Glycoside 
hydrolases 
3 GH78 30.1 21.4 22.0 15.3 18.0 15.0 21.8 18.4 
Glycoside 
hydrolases 
4 GH82 25.7 10.5 13.2 6.9 21.7 7.2 18.2 7.3 
Glycoside 
hydrolases 
5 GH0 21.9 11.6 18.4 6.6 22.2 8.6 20.3 9.0 
Glycoside 
hydrolases 
6 GH0 52.7 18.0 46.2 15.9 104.4 101.7 80.0 40.7 
Glycoside 
hydrolases 
7 GH0 18.2 9.0 25.3 11.4 14.1 7.0 18.4 8.2 
Glycoside 
hydrolases 
8 GH10 18.0 7.9 18.5 11.6 21.3 9.8 27.7 16.3 
Glycoside 
hydrolases 
9 GH10 39.2 18.9 31.4 15.5 45.8 22.3 41.8 11.5 
Glycoside 
hydrolases 
10 GH10 18.3 10.5 12.2 11.6 18.9 13.0 26.1 15.8 
Glycoside 
hydrolases 
11 GH10 30.3 14.5 24.8 7.1 29.0 27.9 26.2 11.1 
Glycoside 
hydrolases 
12 GH10 40.3 37.0 19.9 22.3 13.0 8.6 18.0 26.8 
Glycoside 
hydrolases 
13 GH10 90.1 116.6 12.8 13.8 28.6 38.2 26.6 28.6 
Glycoside 
hydrolases 
14 GH10 57.0 65.1 19.9 32.7 23.5 31.9 34.1 58.0 
Glycoside 
hydrolases 
15 GH10 38.9 25.3 65.2 38.1 50.4 43.8 55.4 33.4 
Glycoside 
hydrolases 
16 GH10 97.0 37.5 101.5 43.0 63.2 31.1 77.6 29.9 
Glycoside 
hydrolases 
17 GH10 31.6 15.9 29.9 15.3 29.5 17.6 31.6 14.6 
Glycoside 
hydrolases 
18 GH101 93.5 101.5 27.0 33.2 22.4 27.8 24.9 30.8 
Glycoside 
hydrolases 





20 GH106 42.3 18.6 51.6 39.8 48.7 29.3 75.2 35.2 
Glycoside 
hydrolases 
21 GH107 41.5 44.6 13.2 16.3 14.6 19.6 20.0 29.6 
Glycoside 
hydrolases 
22 GH109 34.9 43.3 9.8 9.5 10.8 16.9 12.2 9.8 
Glycoside 
hydrolases 
23 GH109 128.1 39.0 77.9 45.6 130.8 75.9 144.1 109.4 
Glycoside 
hydrolases 
24 GH109 22.8 8.5 16.6 6.3 22.7 7.6 31.2 11.2 
Glycoside 
hydrolases 
25 GH109 14.5 10.4 8.0 4.4 14.1 8.2 10.5 5.2 
Glycoside 
hydrolases 
26 GH109 485.8 255.9 787.5 529.8 626.8 401.3 543.1 325.8 
Glycoside 
hydrolases 
27 GH109 25.0 7.9 23.7 12.0 24.2 10.5 22.6 8.3 
Glycoside 
hydrolases 
28 GH109 32.5 8.5 33.3 7.1 30.5 17.5 22.7 9.5 
Glycoside 
hydrolases 
29 GH109 33.4 31.1 13.0 1.7 24.2 15.8 16.5 17.4 
Glycoside 
hydrolases 
30 GH109 132.3 67.4 124.9 81.9 144.7 94.8 154.9 97.2 
Glycoside 
hydrolases 
31 GH109 82.0 43.4 80.7 39.4 62.7 26.5 72.0 29.3 
Glycoside 
hydrolases 
32 GH109 7.5 5.7 8.0 4.8 8.3 5.5 7.9 4.8 
Glycoside 
hydrolases 
33 GH109 8.6 6.0 7.2 5.9 13.0 6.6 11.6 4.3 
Glycoside 
hydrolases 
34 GH109 40.7 17.2 40.0 22.3 41.3 19.9 48.5 21.4 
Glycoside 
hydrolases 
35 GH109 30.7 17.7 29.3 9.5 37.0 11.7 39.0 7.5 
Glycoside 
hydrolases 
36 GH109 48.1 28.0 55.0 20.6 46.7 30.6 60.1 20.1 
Glycoside 
hydrolases 
37 GH109 81.8 34.3 101.5 42.6 68.5 53.2 76.8 39.2 
Glycoside 
hydrolases 





39 GH109 59.8 26.2 60.4 34.7 93.2 57.1 82.4 36.3 
Glycoside 
hydrolases 
40 GH109 21.3 6.9 13.1 4.0 17.1 6.6 16.3 5.0 
Glycoside 
hydrolases 
41 GH109 12.8 15.5 7.4 4.4 6.3 5.1 9.8 7.4 
Glycoside 
hydrolases 
42 GH109 116.8 31.1 122.7 53.4 59.8 25.2 65.9 52.7 
Glycoside 
hydrolases 
43 GH109 9.3 8.1 6.6 5.4 8.0 5.0 8.7 9.2 
Glycoside 
hydrolases 
44 GH109 27.4 13.1 19.8 17.2 29.0 17.1 34.4 15.2 
Glycoside 
hydrolases 
45 GH109 91.7 80.5 149.8 145.6 134.6 131.1 118.5 107.2 
Glycoside 
hydrolases 
46 GH109 90.6 24.3 66.2 18.2 64.4 19.5 72.0 25.6 
Glycoside 
hydrolases 
47 GH109 98.0 54.8 67.0 37.7 71.1 55.4 78.7 46.4 
Glycoside 
hydrolases 
48 GH109 476.4 236.2 335.4 101.6 297.0 52.6 301.7 103.5 
Glycoside 
hydrolases 
49 GH109 25.2 17.1 18.6 11.6 18.5 9.9 20.0 7.5 
Glycoside 
hydrolases 
50 GH109 56.8 48.6 27.8 25.0 45.2 24.3 40.4 23.8 
Glycoside 
hydrolases 
51 GH109 101.5 89.2 43.5 38.7 53.0 34.2 45.1 24.2 
Glycoside 
hydrolases 
52 GH109 48.2 52.8 29.1 23.5 35.7 23.5 31.2 16.4 
Glycoside 
hydrolases 
53 GH109 63.4 43.3 51.0 48.0 46.9 41.2 60.1 40.8 
Glycoside 
hydrolases 
54 GH109 45.5 29.1 51.0 31.7 24.3 11.1 25.9 9.0 
Glycoside 
hydrolases 
55 GH109 16.8 5.6 12.6 10.0 13.6 7.7 12.1 4.9 
Glycoside 
hydrolases 
56 GH109 20.6 17.4 16.0 9.1 15.3 11.2 14.3 10.6 
Glycoside 
hydrolases 





58 GH110 20.6 11.4 25.7 9.6 26.1 10.0 28.2 14.8 
Glycoside 
hydrolases 
59 GH110 57.6 21.3 63.1 33.2 57.6 19.4 65.5 22.6 
Glycoside 
hydrolases 
60 GH110 14.8 11.4 10.1 4.6 20.6 12.5 11.1 8.0 
Glycoside 
hydrolases 
61 GH110 58.2 29.0 44.0 19.3 51.5 20.2 50.2 25.3 
Glycoside 
hydrolases 
62 GH115 367.5 414.2 137.7 82.5 150.4 73.5 114.7 53.4 
Glycoside 
hydrolases 
63 GH116 495.4 316.7 141.0 43.5 178.0 102.0 178.4 91.9 
Glycoside 
hydrolases 
64 GH116 62.5 51.2 163.4 218.1 49.4 20.6 63.8 48.7 
Glycoside 
hydrolases 
65 GH117 37.8 30.7 30.3 16.5 24.6 9.0 16.9 7.6 
Glycoside 
hydrolases 
66 GH117 174.5 85.9 167.5 75.4 193.8 88.3 177.7 77.6 
Glycoside 
hydrolases 
67 GH117 (Top 10: row 7) 756.0 897.9 290.2 200.3 454.3 333.9 375.9 249.1 
Glycoside 
hydrolases 
68 GH117 155.4 57.4 157.9 38.1 229.3 125.0 196.9 105.1 
Glycoside 
hydrolases 
69 GH117 136.7 81.9 60.2 17.9 108.3 62.9 118.0 69.4 
Glycoside 
hydrolases 
70 GH117 129.0 24.0 76.9 21.0 145.0 126.8 119.3 61.6 
Glycoside 
hydrolases 
71 GH117 70.0 61.8 27.4 6.8 52.8 37.4 42.9 31.9 
Glycoside 
hydrolases 
72 GH117 629.1 228.1 504.2 275.2 288.0 123.9 336.9 168.4 
Glycoside 
hydrolases 
73 GH117 61.9 21.3 50.0 18.8 43.0 26.4 45.9 16.5 
Glycoside 
hydrolases 
74 GH117 89.9 28.6 58.3 39.3 79.5 34.7 80.3 24.7 
Glycoside 
hydrolases 
75 GH117 451.1 230.0 460.1 343.9 311.1 285.7 342.6 288.3 
Glycoside 
hydrolases 





77 GH117 (Top 10: row 1) 17327.2 9212.3 21467.5 10974.4 8483.0 6399.4 9061.0 6754.6 
Glycoside 
hydrolases 
78 GH117 496.3 331.8 504.5 134.6 351.1 164.2 357.6 173.4 
Glycoside 
hydrolases 
79 GH117 152.7 64.1 122.4 63.6 137.4 57.2 118.2 43.0 
Glycoside 
hydrolases 
80 GH117 331.2 118.4 313.2 159.8 382.4 69.5 382.5 55.0 
Glycoside 
hydrolases 
81 GH117 17.1 11.7 14.2 9.1 17.5 13.5 22.0 9.7 
Glycoside 
hydrolases 
82 GH120 53.3 30.3 34.5 10.5 27.6 12.5 32.1 15.6 
Glycoside 
hydrolases 
83 GH127 32.1 18.7 18.9 12.1 28.9 18.9 38.5 15.9 
Glycoside 
hydrolases 
84 GH127 27.9 15.8 19.6 13.8 25.6 14.1 25.9 16.0 
Glycoside 
hydrolases 
85 GH127 11.5 5.9 10.7 6.8 18.6 8.3 19.5 4.9 
Glycoside 
hydrolases 
86 GH127 6.8 3.5 6.0 5.1 9.3 7.7 10.4 4.2 
Glycoside 
hydrolases 
87 GH127 24.1 12.5 15.3 12.4 29.9 20.7 29.3 20.6 
Glycoside 
hydrolases 
88 GH127 39.1 16.6 24.0 8.0 19.0 9.3 17.5 5.1 
Glycoside 
hydrolases 
89 GH128 72.5 66.5 51.6 38.6 53.8 31.0 52.5 38.8 
Glycoside 
hydrolases 
90 GH129 22.8 13.7 30.2 25.5 21.7 22.1 23.8 19.4 
Glycoside 
hydrolases 
91 GH13 40.1 12.1 22.9 10.3 31.4 12.8 31.5 10.8 
Glycoside 
hydrolases 
92 GH13 138.6 65.4 114.3 66.0 120.8 128.1 113.7 107.4 
Glycoside 
hydrolases 
93 GH13 121.9 124.4 50.2 24.2 60.8 42.5 62.9 35.2 
Glycoside 
hydrolases 
94 GH13 39.3 24.4 38.1 33.7 28.4 25.8 28.6 28.5 
Glycoside 
hydrolases 





96 GH13 47.3 28.7 60.7 36.2 87.9 45.4 98.5 45.5 
Glycoside 
hydrolases 
97 GH13 225.9 253.3 102.4 92.1 120.8 78.1 118.2 44.9 
Glycoside 
hydrolases 
98 GH13 (Top 10: row 9) 379.5 271.3 434.8 344.3 601.9 266.7 627.1 276.8 
Glycoside 
hydrolases 
99 GH130 181.4 56.9 199.6 137.1 162.8 90.4 200.6 97.0 
Glycoside 
hydrolases 
100 GH130 28.3 24.5 28.4 17.5 24.0 13.3 31.3 11.9 
Glycoside 
hydrolases 
101 GH130 19.4 12.2 17.9 13.7 24.5 10.2 25.4 14.4 
Glycoside 
hydrolases 
102 GH130 17.4 11.2 18.6 15.4 28.2 25.6 22.6 7.9 
Glycoside 
hydrolases 
103 GH136 209.5 133.6 187.9 83.1 132.0 55.2 159.5 71.5 
Glycoside 
hydrolases 
104 GH136 25.9 12.4 13.7 9.8 11.7 11.0 15.6 12.6 
Glycoside 
hydrolases 
105 GH136 18.9 15.1 12.7 10.0 13.9 2.8 11.4 5.5 
Glycoside 
hydrolases 
106 GH138 32.3 17.9 45.8 16.4 36.9 16.3 49.9 13.9 
Glycoside 
hydrolases 
107 GH138 64.1 42.1 82.4 43.2 59.3 31.1 53.1 18.4 
Glycoside 
hydrolases 
108 GH138 60.5 27.5 53.0 32.4 47.5 26.5 50.0 28.2 
Glycoside 
hydrolases 
109 GH138 80.1 49.8 77.3 67.2 51.6 33.1 42.7 41.5 
Glycoside 
hydrolases 
110 GH138 87.0 67.2 56.1 14.5 46.3 15.5 56.0 20.8 
Glycoside 
hydrolases 
111 GH14 109.5 88.3 85.5 69.7 70.2 46.4 81.8 59.7 
Glycoside 
hydrolases 
112 GH140 32.2 11.8 25.8 12.5 32.3 12.4 29.1 12.7 
Glycoside 
hydrolases 
113 GH140 44.0 14.6 29.4 12.7 36.0 12.7 47.6 14.8 
Glycoside 
hydrolases 





115 GH141 6.8 4.9 6.0 4.1 5.5 5.6 7.3 5.6 
Glycoside 
hydrolases 
116 GH141 26.2 9.5 12.8 10.1 19.9 18.3 9.0 7.5 
Glycoside 
hydrolases 
117 GH141 16.6 7.7 16.0 12.5 21.8 10.4 22.1 18.4 
Glycoside 
hydrolases 
118 GH141 19.9 7.7 19.5 8.7 20.6 11.1 27.7 15.6 
Glycoside 
hydrolases 
119 GH141 20.4 13.4 16.3 10.6 17.3 15.9 23.8 15.6 
Glycoside 
hydrolases 
120 GH141 33.3 15.7 25.0 19.4 30.0 12.7 34.1 17.2 
Glycoside 
hydrolases 
121 GH141 20.0 9.4 13.0 6.8 36.3 23.3 41.7 24.5 
Glycoside 
hydrolases 
122 GH141 20.5 12.1 28.0 10.7 16.0 7.7 17.4 9.0 
Glycoside 
hydrolases 
123 GH148 176.9 155.3 56.3 41.1 60.8 58.6 51.8 32.8 
Glycoside 
hydrolases 
124 GH148 83.6 80.5 23.6 17.5 19.1 24.0 26.2 32.6 
Glycoside 
hydrolases 
125 GH149 31.0 24.8 25.7 25.3 12.0 9.8 19.8 18.3 
Glycoside 
hydrolases 
126 GH150 0.3 0.7 2.6 5.2 0.0 0.0 0.0 0.0 
Glycoside 
hydrolases 
127 GH150 33.2 20.9 19.6 12.3 10.6 6.0 18.3 14.8 
Glycoside 
hydrolases 
128 GH151 31.3 23.9 16.5 8.6 16.8 8.5 11.1 6.6 
Glycoside 
hydrolases 
129 GH151 15.3 10.6 10.0 7.3 9.4 4.8 12.4 8.1 
Glycoside 
hydrolases 
130 GH151 18.8 16.2 12.3 6.0 13.0 8.7 14.5 6.0 
Glycoside 
hydrolases 
131 GH151 17.5 13.9 10.5 5.7 9.4 4.9 10.8 5.2 
Glycoside 
hydrolases 
132 GH16 37.0 15.1 32.0 11.3 30.4 14.7 25.9 18.3 
Glycoside 
hydrolases 





134 GH16 45.8 17.3 28.5 15.5 47.4 18.8 52.7 20.5 
Glycoside 
hydrolases 
135 GH16 59.2 25.8 34.0 21.2 63.7 23.4 61.7 23.2 
Glycoside 
hydrolases 
136 GH16 202.7 106.1 366.8 106.3 390.8 77.4 482.2 72.9 
Glycoside 
hydrolases 
137 GH16 85.5 39.6 61.6 43.7 72.4 28.3 63.1 28.0 
Glycoside 
hydrolases 
138 GH16 (Top 10: row 3) 1260.1 468.8 1135.7 457.3 576.2 289.8 620.3 348.6 
Glycoside 
hydrolases 
139 GH16 12.4 7.7 10.1 7.5 11.4 8.4 12.0 3.9 
Glycoside 
hydrolases 
140 GH16 24.4 11.6 18.1 13.2 24.3 16.2 29.5 11.5 
Glycoside 
hydrolases 
141 GH16 23.3 22.9 18.9 11.0 47.5 35.7 47.3 37.3 
Glycoside 
hydrolases 
142 GH16 20.3 15.2 16.1 12.0 10.3 7.3 15.2 11.4 
Glycoside 
hydrolases 
143 GH16 47.3 35.3 42.1 28.1 33.0 17.7 31.8 17.9 
Glycoside 
hydrolases 
144 GH16 20.7 19.0 13.2 8.2 11.1 7.4 13.1 10.1 
Glycoside 
hydrolases 
145 GH16 45.8 31.9 44.9 31.0 27.1 16.6 32.3 21.8 
Glycoside 
hydrolases 
146 GH17 32.4 21.1 17.9 12.5 17.0 10.1 16.6 10.8 
Glycoside 
hydrolases 
147 GH17 23.4 13.9 24.2 12.1 28.4 12.6 25.2 10.1 
Glycoside 
hydrolases 
148 GH2 52.6 43.1 34.1 36.5 29.3 29.3 30.0 27.0 
Glycoside 
hydrolases 
149 GH2 31.3 13.6 28.8 13.1 26.6 11.5 32.9 12.7 
Glycoside 
hydrolases 
150 GH2 26.1 11.7 23.6 22.0 28.4 16.7 27.4 13.8 
Glycoside 
hydrolases 
151 GH2 30.9 17.0 32.4 18.0 40.4 16.3 40.9 11.8 
Glycoside 
hydrolases 





153 GH2 114.6 91.2 102.5 69.0 58.2 35.0 52.0 31.1 
Glycoside 
hydrolases 
154 GH2 23.8 13.3 13.5 11.3 13.9 7.5 11.4 6.4 
Glycoside 
hydrolases 
155 GH2 13.6 12.4 11.1 7.5 13.4 11.0 15.1 7.7 
Glycoside 
hydrolases 
156 GH2 35.9 25.2 38.6 29.3 38.8 25.7 35.5 21.9 
Glycoside 
hydrolases 
157 GH2 7.1 4.7 7.4 6.5 9.4 5.3 8.5 3.4 
Glycoside 
hydrolases 
158 GH2 12.5 8.2 10.0 8.9 20.8 17.6 25.9 25.1 
Glycoside 
hydrolases 
159 GH2 30.8 22.2 18.8 14.7 62.1 59.6 62.9 53.0 
Glycoside 
hydrolases 
160 GH2 133.2 120.6 85.0 94.9 228.8 166.1 292.4 278.3 
Glycoside 
hydrolases 
161 GH2 33.1 12.8 38.7 27.4 39.6 23.6 33.0 15.7 
Glycoside 
hydrolases 
162 GH2 50.5 20.1 45.7 26.5 34.1 15.5 37.9 18.2 
Glycoside 
hydrolases 
163 GH2 13.0 10.7 8.5 3.3 16.7 16.2 13.9 13.9 
Glycoside 
hydrolases 
164 GH2 24.9 21.4 21.4 18.6 24.2 11.1 24.9 10.1 
Glycoside 
hydrolases 
165 GH2 18.9 7.4 18.6 11.6 21.9 9.7 21.9 8.9 
Glycoside 
hydrolases 
166 GH2 5.7 3.9 3.0 2.1 4.6 2.6 5.6 3.1 
Glycoside 
hydrolases 
167 GH2 10.9 10.6 14.1 10.8 16.2 7.1 16.2 11.9 
Glycoside 
hydrolases 
168 GH2 28.3 14.1 20.8 15.9 25.4 12.4 36.0 16.5 
Glycoside 
hydrolases 
169 GH2 39.7 24.3 27.7 18.9 14.8 9.8 18.2 10.3 
Glycoside 
hydrolases 
170 GH2 8.0 6.8 6.9 6.5 4.4 3.8 4.4 5.7 
Glycoside 
hydrolases 





172 GH26 5.6 4.5 6.1 2.2 3.0 3.7 7.5 10.1 
Glycoside 
hydrolases 
173 GH26 10.0 5.8 9.0 6.1 9.4 7.6 8.8 6.9 
Glycoside 
hydrolases 
174 GH27 20.0 6.8 19.2 13.5 22.6 15.7 26.8 13.6 
Glycoside 
hydrolases 
175 GH27 8.6 9.7 6.3 4.7 7.9 8.0 10.9 9.8 
Glycoside 
hydrolases 
176 GH28 42.5 29.7 28.3 14.6 20.9 19.7 14.7 9.0 
Glycoside 
hydrolases 
177 GH28 52.9 26.4 43.3 21.5 51.3 21.0 50.6 20.6 
Glycoside 
hydrolases 
178 GH28 33.0 23.7 23.3 15.6 21.3 20.5 22.7 15.4 
Glycoside 
hydrolases 
179 GH28 23.7 22.3 12.9 11.2 11.5 7.6 17.1 13.5 
Glycoside 
hydrolases 
180 GH28 21.7 15.0 18.8 15.0 29.2 21.5 28.6 24.2 
Glycoside 
hydrolases 
181 GH28 112.1 95.1 48.8 18.5 57.3 20.8 64.0 19.6 
Glycoside 
hydrolases 
182 GH29 46.7 23.4 48.7 35.2 63.1 31.3 65.6 47.1 
Glycoside 
hydrolases 
183 GH29 134.5 87.3 148.1 133.3 188.5 114.3 200.8 114.9 
Glycoside 
hydrolases 
184 GH29 52.4 51.9 29.9 25.6 26.8 18.4 33.7 20.6 
Glycoside 
hydrolases 
185 GH29 94.9 51.7 70.9 46.0 67.7 34.8 70.2 27.2 
Glycoside 
hydrolases 
186 GH29 86.8 32.7 126.9 53.2 123.4 66.6 122.5 56.6 
Glycoside 
hydrolases 
187 GH29 25.4 12.3 18.9 9.9 24.2 11.0 20.0 6.2 
Glycoside 
hydrolases 
188 GH29 31.5 18.9 25.9 19.9 14.7 8.0 11.7 12.3 
Glycoside 
hydrolases 
189 GH29 113.6 62.9 105.6 79.1 121.8 53.2 114.2 46.9 
Glycoside 
hydrolases 





191 GH29 21.0 17.1 21.4 19.7 24.5 16.4 18.0 11.0 
Glycoside 
hydrolases 
192 GH29 70.1 30.5 58.2 27.9 60.1 18.7 65.0 16.9 
Glycoside 
hydrolases 
193 GH29 39.5 16.7 32.4 24.2 36.0 33.5 37.2 20.0 
Glycoside 
hydrolases 
194 GH29 55.2 29.0 45.8 12.9 60.4 22.1 71.2 16.0 
Glycoside 
hydrolases 
195 GH29 20.3 14.2 13.7 12.4 17.7 14.9 21.3 22.5 
Glycoside 
hydrolases 
196 GH29 331.3 266.0 286.5 214.8 569.1 388.1 736.2 603.0 
Glycoside 
hydrolases 
197 GH29 37.5 23.1 21.6 10.4 32.6 19.1 39.6 16.4 
Glycoside 
hydrolases 
198 GH29 15.5 11.5 12.5 9.4 20.3 9.3 20.8 13.4 
Glycoside 
hydrolases 
199 GH29 11.3 8.4 11.6 10.6 8.5 5.4 13.4 8.9 
Glycoside 
hydrolases 
200 GH29 19.8 14.7 8.4 7.6 8.9 5.3 9.0 5.8 
Glycoside 
hydrolases 
201 GH29 11.1 7.7 11.0 10.5 15.4 7.0 19.1 11.9 
Glycoside 
hydrolases 
202 GH29 55.3 50.5 28.2 30.7 25.2 12.8 35.3 13.7 
Glycoside 
hydrolases 
203 GH29 117.8 130.9 61.7 83.3 38.5 20.3 43.7 30.8 
Glycoside 
hydrolases 
204 GH29 28.6 13.6 27.0 18.1 28.2 19.7 32.9 20.2 
Glycoside 
hydrolases 
205 GH29 78.2 36.2 36.1 23.3 21.3 12.3 28.9 13.5 
Glycoside 
hydrolases 
206 GH29 13.9 11.6 12.2 12.2 13.0 12.9 18.6 17.1 
Glycoside 
hydrolases 
207 GH29 7.2 6.1 5.9 5.5 1.1 2.4 0.8 1.8 
Glycoside 
hydrolases 
208 GH3 12.9 9.6 9.1 3.7 12.2 6.9 17.0 5.4 
Glycoside 
hydrolases 





210 GH30 37.3 23.9 25.4 19.3 19.9 17.3 18.8 13.5 
Glycoside 
hydrolases 
211 GH30 34.8 20.8 22.8 17.2 17.0 13.9 16.3 10.5 
Glycoside 
hydrolases 
212 GH30 9.6 6.2 8.5 5.9 13.1 7.0 16.1 10.5 
Glycoside 
hydrolases 
213 GH31 24.7 14.3 30.8 7.9 29.1 14.7 34.7 6.8 
Glycoside 
hydrolases 
214 GH31 10.7 13.3 11.1 6.3 13.7 11.4 14.2 11.7 
Glycoside 
hydrolases 
215 GH31 27.1 14.9 24.7 17.5 19.1 9.8 20.5 12.0 
Glycoside 
hydrolases 
216 GH31 11.7 13.6 6.8 5.6 3.9 4.6 9.4 4.1 
Glycoside 
hydrolases 
217 GH32 16.9 16.1 10.1 9.1 13.7 10.5 13.1 9.8 
Glycoside 
hydrolases 
218 GH32 24.4 19.0 17.7 17.6 22.2 20.6 26.3 24.6 
Glycoside 
hydrolases 
219 GH33 40.7 29.6 27.7 25.7 42.5 48.3 36.6 38.1 
Glycoside 
hydrolases 
220 GH33 30.7 17.2 27.4 26.1 36.2 17.9 41.3 12.4 
Glycoside 
hydrolases 
221 GH33 42.9 30.5 24.9 16.0 30.8 14.1 30.0 15.9 
Glycoside 
hydrolases 
222 GH33 25.5 14.9 24.3 10.6 28.0 10.6 22.6 14.7 
Glycoside 
hydrolases 
223 GH33 14.1 7.0 10.2 5.8 13.3 8.3 13.7 5.2 
Glycoside 
hydrolases 
224 GH33 7.8 6.1 4.3 5.7 6.1 7.9 16.3 17.8 
Glycoside 
hydrolases 
225 GH33 6.8 6.1 5.8 3.4 11.0 4.8 13.0 7.3 
Glycoside 
hydrolases 
226 GH33 43.7 34.2 34.0 20.3 21.8 12.8 21.8 12.2 
Glycoside 
hydrolases 
227 GH33 32.2 21.1 24.3 13.0 22.0 12.3 20.4 10.1 
Glycoside 
hydrolases 





229 GH33 37.0 13.5 36.6 12.3 22.6 10.2 23.8 6.1 
Glycoside 
hydrolases 
230 GH33 25.2 16.5 19.6 13.4 28.8 15.4 24.4 15.9 
Glycoside 
hydrolases 
231 GH36 39.0 17.0 35.5 18.2 27.1 19.9 33.2 21.4 
Glycoside 
hydrolases 
232 GH36 19.2 12.4 7.4 3.0 11.9 8.7 13.8 3.4 
Glycoside 
hydrolases 
233 GH36 8.2 10.3 5.9 5.8 5.5 7.6 3.1 2.8 
Glycoside 
hydrolases 
234 GH38 17.3 9.8 22.2 11.7 31.4 20.2 24.7 13.5 
Glycoside 
hydrolases 
235 GH38 14.6 7.5 20.8 11.1 21.9 9.0 24.5 11.0 
Glycoside 
hydrolases 
236 GH39 28.9 24.0 19.4 12.4 28.9 26.8 30.1 34.1 
Glycoside 
hydrolases 
237 GH39 20.1 22.5 12.8 14.8 25.1 22.3 16.2 12.2 
Glycoside 
hydrolases 
238 GH39 21.1 14.7 5.2 4.9 15.7 14.1 12.2 6.4 
Glycoside 
hydrolases 
239 GH4 8.6 5.2 11.1 8.7 11.3 7.9 11.7 12.9 
Glycoside 
hydrolases 
240 GH4 36.7 18.5 41.6 26.0 95.0 48.2 116.3 59.8 
Glycoside 
hydrolases 
241 GH42 28.2 17.2 34.7 24.6 53.8 39.8 52.0 35.7 
Glycoside 
hydrolases 
242 GH42 30.8 19.9 18.0 13.0 11.6 7.6 13.0 8.6 
Glycoside 
hydrolases 
243 GH43 80.9 75.0 91.4 63.4 55.4 47.2 57.5 50.7 
Glycoside 
hydrolases 
244 GH43 31.6 14.6 25.1 15.1 23.8 15.5 30.6 14.7 
Glycoside 
hydrolases 
245 GH43 16.3 13.9 14.1 13.0 19.4 12.2 23.1 16.3 
Glycoside 
hydrolases 
246 GH43 25.0 17.2 20.8 15.0 24.2 10.6 24.7 10.6 
Glycoside 
hydrolases 





248 GH43 14.3 13.0 11.3 8.1 18.2 17.7 20.6 12.5 
Glycoside 
hydrolases 
249 GH43 32.9 20.4 12.5 8.2 45.1 64.3 58.1 98.3 
Glycoside 
hydrolases 
250 GH43 68.5 46.0 33.1 22.3 77.9 69.7 53.2 52.7 
Glycoside 
hydrolases 
251 GH43 18.8 7.8 15.5 12.1 17.8 10.1 17.7 8.5 
Glycoside 
hydrolases 
252 GH49 61.1 48.3 37.3 30.4 45.5 22.5 35.4 23.0 
Glycoside 
hydrolases 
253 GH5 21.5 14.1 22.8 12.8 16.7 11.2 27.5 17.8 
Glycoside 
hydrolases 
254 GH5 153.4 123.4 113.5 106.4 61.5 76.5 50.7 41.2 
Glycoside 
hydrolases 
255 GH5 30.3 22.2 20.1 20.9 27.7 24.0 32.9 30.4 
Glycoside 
hydrolases 
256 GH5 31.4 25.5 20.7 8.0 20.7 13.1 26.6 18.7 
Glycoside 
hydrolases 
257 GH5 64.0 51.3 42.4 38.8 116.1 70.4 123.8 105.3 
Glycoside 
hydrolases 
258 GH50 43.2 28.5 30.1 15.9 82.5 44.6 81.8 43.7 
Glycoside 
hydrolases 
259 GH50 29.4 19.8 11.8 10.5 20.0 18.0 17.4 15.3 
Glycoside 
hydrolases 
260 GH50 76.3 37.0 79.9 50.0 110.9 54.3 108.2 32.8 
Glycoside 
hydrolases 
261 GH50 65.0 37.8 38.0 34.7 73.2 47.5 85.9 39.4 
Glycoside 
hydrolases 
262 GH50 142.5 66.0 154.2 69.9 118.6 49.1 131.0 66.4 
Glycoside 
hydrolases 
263 GH50 37.9 13.1 35.4 31.3 51.9 22.9 66.8 28.3 
Glycoside 
hydrolases 
264 GH50 10.2 8.5 6.9 5.9 10.3 10.0 12.0 8.5 
Glycoside 
hydrolases 
265 GH50 30.7 16.7 21.7 17.3 21.7 13.9 23.5 10.4 
Glycoside 
hydrolases 





267 GH50 88.6 45.0 118.4 60.4 80.7 40.1 86.6 33.0 
Glycoside 
hydrolases 
268 GH51 28.6 11.0 25.2 17.1 33.1 18.2 34.3 15.3 
Glycoside 
hydrolases 
269 GH51 46.7 41.4 79.2 50.5 67.7 55.2 90.0 78.9 
Glycoside 
hydrolases 
270 GH51 (Top 10: row 8) 375.7 117.7 393.7 240.2 708.3 344.4 691.7 226.7 
Glycoside 
hydrolases 
271 GH51 (Top 10: row 10) 407.2 175.6 278.5 233.0 597.0 442.4 512.3 291.0 
Glycoside 
hydrolases 
272 GH53 32.8 19.9 21.9 13.1 24.3 14.2 24.6 13.5 
Glycoside 
hydrolases 
273 GH55 96.7 28.7 56.7 25.7 143.6 65.2 140.9 59.1 
Glycoside 
hydrolases 
274 GH6 (Top 10: row 5) 744.4 426.7 688.0 578.5 1033.3 455.3 1017.0 533.8 
Glycoside 
hydrolases 
275 GH6 (Top 10: row 4) 1396.2 389.3 1135.2 856.0 1037.8 1042.8 1034.5 1090.7 
Glycoside 
hydrolases 
276 GH65 94.4 49.3 83.3 41.1 84.1 49.3 74.2 29.2 
Glycoside 
hydrolases 
277 GH73 113.4 40.1 139.6 90.1 68.6 44.5 85.9 50.5 
Glycoside 
hydrolases 
278 GH77 35.1 21.6 29.6 34.0 51.4 32.9 65.6 52.0 
Glycoside 
hydrolases 
279 GH77 172.0 69.5 199.6 111.5 259.9 114.5 244.1 85.9 
Glycoside 
hydrolases 
280 GH78 26.3 16.8 19.4 12.6 26.0 13.1 22.9 10.8 
Glycoside 
hydrolases 
281 GH78 9.7 10.9 8.7 7.6 8.2 6.4 8.3 5.2 
Glycoside 
hydrolases 
282 GH78 6.5 7.2 2.8 2.6 29.0 32.5 16.0 25.4 
Glycoside 
hydrolases 
283 GH81 (Top 10: row 2) 14747.6 5244.6 18153.2 9815.9 18464.7 8891.4 21141.3 9641.5 
Glycoside 
hydrolases 
284 GH82 30.7 18.1 26.5 24.4 19.2 15.9 33.5 23.3 
Glycoside 
hydrolases 





286 GH88 150.2 129.0 232.0 164.2 249.2 190.7 199.9 125.3 
Glycoside 
hydrolases 
287 GH9 43.9 19.2 39.0 18.7 70.2 36.4 66.1 35.7 
Glycoside 
hydrolases 
288 GH9 56.4 40.3 68.4 32.0 59.4 50.3 58.9 43.3 
Glycoside 
hydrolases 
289 GH9 36.6 28.1 26.5 15.4 41.8 52.2 28.9 14.4 
Glycoside 
hydrolases 
290 GH9 54.6 64.0 24.9 14.7 49.5 22.7 53.9 22.0 
Glycoside 
hydrolases 
291 GH92 18.6 16.7 16.8 12.3 14.1 8.0 14.9 8.3 
Glycoside 
hydrolases 
292 GH94 20.2 11.2 24.1 19.7 24.8 21.6 29.3 12.2 
Glycoside 
hydrolases 
293 GH94 49.7 15.3 54.5 28.9 46.3 28.1 53.5 23.8 
Glycoside 
hydrolases 
294 GH95 28.0 13.9 24.4 11.6 34.7 18.2 36.6 12.3 
Glycoside 
hydrolases 
295 GH95 355.3 470.2 134.0 45.5 108.6 111.2 92.2 67.8 
Glycoside 
hydrolases 
296 GH95 77.9 29.5 40.7 22.7 47.7 28.5 65.6 32.7 
Glycoside 
hydrolases 
297 GH95 8.0 3.5 5.9 4.5 4.6 3.0 5.6 3.5 
Glycoside 
hydrolases 
298 GH95 58.1 18.0 58.2 16.5 48.4 14.7 47.7 15.1 
Glycoside 
hydrolases 
299 GH95 13.0 9.5 17.1 17.0 24.8 15.2 26.5 17.8 
Glycoside 
hydrolases 
300 GH95 37.4 20.9 24.7 16.6 28.9 14.4 29.5 9.6 
Glycoside 
hydrolases 
301 GH95 13.4 7.0 15.1 9.3 17.8 11.0 23.1 10.7 
Glycoside 
hydrolases 
302 GH95 9.0 6.6 9.4 6.8 11.6 9.5 13.3 6.1 
Glycoside 
hydrolases 
303 GH95 70.0 43.4 69.1 46.8 71.0 42.2 62.6 31.0 
Glycoside 
hydrolases 





305 GH97 37.1 13.0 32.6 17.8 48.8 11.5 54.4 25.9 
Glycoside 
hydrolases 
306 GH99 2.0 3.5 5.1 4.9 0.0 0.0 2.6 5.9 
Motility & 
Chemotaxis 
1 Chemotaxis protein CheD 11.4 8.8 13.6 8.2 16.5 8.1 12.1 11.1 
Motility & 
Chemotaxis 




Chemotaxis protein methyltransferase 
CheR 
8.1 5.1 6.5 4.8 6.2 6.4 7.5 9.7 
Motility & 
Chemotaxis 
4 Chemotaxis response regulator, CheB 10.0 6.4 9.9 6.6 11.4 7.3 12.5 5.7 
Motility & 
Chemotaxis 
5 Methyl-accepting chemotaxis protein 8.1 6.3 9.2 6.3 12.2 8.1 13.0 6.8 
Motility & 
Chemotaxis 




Flagellar basal-body rod modification 
protein FlgD 
18.2 15.7 24.5 11.5 17.8 10.5 16.4 5.1 
Motility & 
Chemotaxis 
8 Flagellar basal-body rod protein FlgB 13.1 18.2 14.6 11.1 14.6 8.7 6.4 7.4 
Motility & 
Chemotaxis 
9 Flagellar basal-body rod protein FlgC 22.8 19.0 21.4 17.6 11.4 8.1 16.0 15.2 
Motility & 
Chemotaxis 
10 Flagellar basal-body rod protein FlgG 21.9 11.9 15.4 8.8 9.0 10.4 18.9 13.6 
Motility & 
Chemotaxis 
11 Flagellar biosynthesis protein FlhA 26.4 12.9 33.2 13.5 21.2 11.4 24.0 15.0 
Motility & 
Chemotaxis 
12 Flagellar biosynthesis protein FlhB 10.9 3.0 9.7 3.9 9.5 6.0 7.4 5.2 
Motility & 
Chemotaxis 
13 Flagellar biosynthesis protein FliP 11.7 7.4 7.8 5.4 11.0 6.8 8.5 4.3 
Motility & 
Chemotaxis 
14 Flagellar biosynthesis protein FliQ 6.1 5.8 8.6 6.5 10.7 7.2 6.4 8.3 
Motility & 
Chemotaxis 
15 Flagellar cap protein FliD 40.1 37.1 22.4 25.6 10.7 7.5 9.3 6.2 
Motility & 
Chemotaxis 
16 Flagellar hook protein FlgE 17.2 10.4 16.6 5.0 14.7 5.0 11.6 4.8 
Motility & 
Chemotaxis 





18 Flagellar motor rotation protein MotA 11.4 2.8 8.7 5.2 9.1 7.5 6.3 3.9 
Motility & 
Chemotaxis 
19 Flagellar motor rotation protein MotB 20.6 11.6 15.8 10.4 12.8 8.7 12.1 12.5 
Motility & 
Chemotaxis 
20 Flagellar M-ring protein FliF 44.8 40.1 59.6 47.3 20.4 15.7 23.4 14.2 
Motility & 
Chemotaxis 




Flagellum biosynthesis repressor 
protein FlbT 
16.7 4.8 11.8 7.5 12.2 11.8 6.3 6.0 
Motility & 
Chemotaxis 
23 Flagellum-specific ATP synthase FliI 11.1 8.3 10.2 4.8 9.9 6.2 15.2 8.1 
Sialic acid 1 Sialidase 37.0 13.5 36.6 12.3 22.6 10.2 23.8 6.1 
Sialic acid 2 Predicted sialic acid transporter 14.3 8.9 12.6 6.4 13.8 8.6 16.9 6.4 
Sialic acid 3 Predicted sialic acid transporter 25.4 13.4 21.6 8.7 21.3 9.5 21.4 8.0 
Sialic acid 4 Sialic acid-specific 9-O-acetylesterase 40.3 14.1 33.9 9.1 35.7 15.6 37.1 15.5 
Sialic acid 5 Sialic acid-specific 9-O-acetylesterase 52.6 20.5 51.8 30.7 38.0 23.8 43.7 25.7 
Sialic acid 6 Sialic acid-specific 9-O-acetylesterase 19.9 11.0 20.1 8.8 20.0 14.4 26.1 15.5 
Sigma factor 1 
RNA polymerase sigma factor for 
flagellar operon 
12.1 9.2 6.1 4.6 8.1 5.8 8.7 8.0 
Sigma factor 2 RNA polymerase sigma factor RpoD 2280.4 1393.5 1821.5 712.5 3825.3 2186.1 3656.3 1617.6 
Sigma factor 3 RNA polymerase sigma factor RpoD 136.5 106.8 72.2 27.2 124.1 79.7 154.3 122.7 
Sigma factor 4 RNA polymerase sigma factor RpoE 994.3 392.8 1007.3 444.5 805.3 193.8 782.6 171.1 
Sigma factor 5 RNA polymerase sigma factor RpoE 4369.9 1687.2 4321.5 1670.2 5916.6 2069.4 5920.2 2177.6 
Sigma factor 6 RNA polymerase sigma factor RpoE 5276.2 4967.5 6295.6 3275.0 10800.5 4504.4 11492.5 5758.3 
Sigma factor 7 RNA polymerase sigma factor RpoE 3181.2 4716.5 1886.4 1368.2 2207.7 1301.6 1944.8 1152.5 
Sigma factor 8 
RNA polymerase sigma-54 factor 
RpoN 
55.6 29.6 47.6 24.1 43.5 20.0 48.4 24.0 
Sigma factor 9 
RNA polymerase sigma-54 factor 
RpoN 
174.0 111.2 119.9 42.0 102.8 33.4 68.9 36.6 
Sigma factor 10 
RNA polymerase sigma-54 factor 
RpoN 
267.2 181.1 64.8 38.8 41.9 17.0 48.7 14.2 
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Sigma factor 11 
RNA polymerase sigma-70 factor, ECF 
subfamily 
744.1 321.6 597.4 203.6 1034.6 610.8 924.5 609.6 
Sulfatase 1 Sulfatase 37.9 22.7 46.1 39.9 50.6 36.4 52.4 33.8 
Sulfatase 2 Sulfatase 7.6 7.0 9.5 6.6 15.4 10.0 12.8 6.2 
Sulfatase 3 Sulfatase 38.9 25.3 65.2 38.1 50.4 43.8 55.4 33.4 
Sulfatase 4 Sulfatase 97.0 37.5 101.5 43.0 63.2 31.1 77.6 29.9 
Sulfatase 5 Sulfatase 31.6 15.9 29.9 15.3 29.5 17.6 31.6 14.6 
Sulfatase 6 Sulfatase 9.6 6.2 8.5 5.9 13.1 7.0 16.1 10.5 
Sulfatase 7 Sulfatase 25.2 16.5 19.6 13.4 28.8 15.4 24.4 15.9 
Sulfatase 8 Sulfatase 32.8 19.9 21.9 13.1 24.3 14.2 24.6 13.5 
Sulfatase 9 Sulfatase 29.9 9.7 28.9 7.9 38.5 23.0 42.7 20.7 
Sulfatase 10 Sulfatase 14.2 7.5 11.1 1.4 10.1 4.3 14.1 5.4 
Sulfatase 11 Sulfatase 84.9 32.5 39.7 18.5 34.1 17.2 41.9 13.9 
Sulfatase 12 Sulfatase 19.3 13.3 20.4 7.6 21.3 10.0 21.8 10.8 
Sulfatase 13 Sulfatase 4.4 4.2 3.4 2.1 5.3 3.2 8.3 1.2 
Sulfatase 14 Sulfatase 8.9 5.2 7.2 5.6 12.1 7.0 13.6 6.7 
Sulfatase 15 Sulfatase 16.2 13.4 18.1 10.9 17.1 10.1 23.4 17.2 
Sulfatase 16 Sulfatase 10.3 5.8 7.1 5.8 8.4 4.8 13.5 5.0 
Sulfatase 17 Sulfatase 6.7 4.7 6.4 4.7 9.0 4.8 6.9 4.5 
Sulfatase 18 Sulfatase 43.8 24.2 42.4 21.5 30.1 13.0 39.7 12.1 
Sulfatase 19 Sulfatase 44.7 34.2 34.2 25.1 39.7 24.9 48.4 22.6 
Sulfatase 20 Sulfatase 15.4 12.1 5.7 4.9 11.2 5.2 13.4 8.8 
Sulfatase 21 Sulfatase 50.9 31.3 34.9 21.2 28.7 10.1 27.6 14.0 
Sulfatase 22 Sulfatase 16.5 15.2 10.9 10.7 19.6 19.2 20.3 14.3 
Sulfatase 23 Sulfatase 40.2 22.3 30.4 13.9 40.6 18.0 38.4 14.5 
Sulfatase 24 Sulfatase 9.8 7.5 5.4 5.2 6.7 7.2 4.5 3.2 
340 
 
Sulfatase 25 Sulfatase 24.4 31.2 26.1 18.2 24.9 13.6 22.5 9.2 
Sulfatase 26 Sulfatase 38.1 38.3 62.4 80.1 136.6 192.9 109.4 134.6 
Sulfatase 27 Sulfatase 5.6 3.8 3.9 2.0 8.1 12.1 4.7 5.7 
Sulfatase 28 Sulfatase 19.9 16.5 14.3 9.1 21.0 16.5 20.5 15.6 
Sulfatase 29 Sulfatase 25.3 22.0 22.2 17.0 31.6 15.4 30.7 13.5 
Sulfatase 30 Sulfatase 74.2 41.2 52.8 37.7 61.8 36.4 67.6 27.2 
Sulfatase 31 Sulfatase 19.8 13.1 23.6 15.5 26.7 11.4 28.4 12.4 
Sulfatase 32 Sulfatase 88.8 50.1 118.6 83.5 134.3 65.8 145.3 68.7 
Sulfatase 33 Sulfatase 10.7 5.8 9.3 5.5 14.2 8.2 12.5 6.8 
Sulfatase 34 Sulfatase 17.3 13.1 18.3 15.1 23.9 12.3 28.5 7.3 
Sulfatase 35 Sulfatase 48.2 25.3 57.0 24.7 41.6 21.7 46.2 16.2 
Sulfatase 36 Sulfatase 215.1 136.4 176.5 126.3 116.6 59.5 130.3 49.6 
Sulfatase 37 Sulfatase 35.9 17.1 46.4 11.1 91.3 59.4 74.9 31.3 
Sulfatase 38 Sulfatase 9.1 5.7 7.4 4.4 6.7 4.6 10.9 11.9 
Sulfatase 39 Sulfatase 29.4 7.5 28.6 17.8 36.8 23.1 33.5 21.3 
Sulfatase 40 Sulfatase 9.7 4.7 6.6 4.0 8.6 4.1 9.3 8.0 
Sulfatase 41 Sulfatase 20.5 11.7 17.9 9.7 27.3 20.4 26.2 16.7 
Sulfatase 42 Sulfatase 88.7 49.7 74.3 74.7 121.0 80.5 126.0 77.9 
Sulfatase 43 Sulfatase 130.9 79.9 160.8 101.4 192.2 116.0 212.1 124.9 
Sulfatase 44 Sulfatase 19.9 11.9 18.7 16.5 18.7 10.0 23.7 20.6 
Sulfatase 45 Sulfatase 15.4 6.7 12.0 8.8 16.5 7.6 18.6 7.9 
Sulfatase 46 Sulfatase 26.0 14.3 27.9 18.6 25.0 13.3 26.1 16.8 
Sulfatase 47 Sulfatase 51.9 36.5 38.8 29.3 52.8 37.9 53.7 37.4 
Sulfatase 48 Sulfatase 51.8 33.2 44.4 26.2 35.9 21.1 51.8 26.3 
Sulfatase 49 Sulfatase 43.4 20.6 42.3 13.2 22.7 11.1 32.3 17.9 
Sulfatase 50 Sulfatase 11.9 4.4 10.9 8.7 12.9 4.9 15.6 5.9 
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Sulfatase 51 Sulfatase 72.9 55.6 76.7 50.4 68.4 30.6 62.5 24.7 
Sulfatase 52 Sulfatase 24.2 13.6 27.9 14.9 29.8 16.9 28.5 12.8 
Sulfatase 53 Sulfatase 40.1 36.1 17.3 13.6 20.0 19.0 14.8 13.9 
Sulfatase 54 Sulfatase 10.1 4.0 10.9 5.9 11.2 7.5 12.1 7.4 
Sulfatase 55 Sulfatase 14.7 9.0 13.7 9.2 17.1 9.9 18.1 10.7 
Sulfatase 56 Sulfatase 21.5 11.5 19.0 12.2 27.5 12.7 22.8 10.4 
Sulfatase 57 Sulfatase 28.5 16.3 27.0 18.4 21.2 10.6 21.1 9.7 
Sulfatase 58 Sulfatase 50.3 23.2 25.6 17.3 32.4 20.8 30.4 22.4 
Sulfatase 59 Sulfatase 20.5 6.9 13.0 5.7 13.9 5.9 17.3 5.5 
Sulfatase 60 Sulfatase 13.6 8.6 10.2 6.6 12.8 6.9 17.4 9.1 
Sulfatase 61 Sulfatase 46.1 20.0 41.3 16.0 41.1 19.1 44.0 11.1 
Sulfatase 62 Sulfatase 43.1 22.7 41.3 26.6 54.6 36.8 65.8 42.8 




4Fe-4S ferredoxin iron-sulfur binding 
domain protein 
103.5 38.5 59.5 25.7 134.7 43.8 146.7 39.7 
Sulfur 
utilization 
2 Adenylylsulfate kinase 46.6 24.4 31.0 15.0 38.2 24.5 42.3 17.1 
Sulfur 
utilization 
3 Cysteine desulfurase 34.1 15.4 27.8 14.2 29.2 8.3 21.8 8.1 
Sulfur 
utilization 
4 Cysteine desulfurase, SufS 282.1 90.9 180.1 98.2 193.3 77.5 206.3 49.8 
Sulfur 
utilization 
5 Cysteine synthase 648.4 699.2 2972.7 1480.3 4711.2 4560.9 3830.6 3573.8 
Sulfur 
utilization 
6 Ferredoxin 44.3 26.2 49.9 39.9 47.2 32.7 42.1 37.3 
Sulfur 
utilization 




Iron-sulfur cluster assembly ATPase 
protein SufC 




Iron-sulfur cluster assembly protein 
SufB 




Iron-sulfur cluster assembly protein 
SufD 





11 Iron-sulfur cluster-binding protein 125.7 37.2 79.8 38.2 137.0 28.3 143.6 22.4 
Sulfur 
utilization 
12 Iron-sulfur cluster-binding protein 22.7 12.7 24.3 14.7 18.4 9.4 26.9 13.4 
Sulfur 
utilization 




PaaD-like protein (DUF59) involved in 
Fe-S cluster assembly 




PaaD-like protein (DUF59) involved in 
Fe-S cluster assembly 










Probable iron binding protein, SufA 
family 




Putative arylsulfatase regulatory 
protein 




Putative iron-sulfur cluster assembly 
scaffold protein for SUF system, SufE2 




Sulfate adenylyltransferase / 
Adenylylsulfate kinase 
79.1 66.8 46.2 17.4 37.6 23.1 48.2 28.2 
Sulfur 
utilization 
21 Sulfate adenylyltransferase subunit 1 142.6 222.0 37.5 9.5 46.1 33.1 47.0 23.4 
Sulfur 
utilization 
22 Sulfate adenylyltransferase subunit 2 103.2 121.6 67.0 9.3 107.9 55.5 80.3 35.3 
Sulfur 
utilization 
23 Sulfate permease 97.0 59.5 68.6 18.3 60.0 34.6 63.5 23.2 
Sulfur 
utilization 
24 Sulfate permease 72.0 21.5 61.1 23.6 47.6 20.3 50.5 15.7 
Sulfur 
utilization 




Sulfide:quinone oxidoreductase, Type 
III 




Sulfite reductase [NADPH] 
flavoprotein alpha-component 




Sulfite reductase [NADPH] 
hemoprotein beta-component 




Sulfur acceptor protein SufE for iron-
sulfur cluster assembly 





30 Sulfur carrier protein FdhD 27.8 22.7 29.4 14.8 21.1 7.0 41.0 14.1 
TIV Pili 1 
Type IV fimbrial assembly protein 
PilC 
967.8 1425.2 303.8 126.8 159.9 75.9 192.7 98.8 
TIV Pili 2 
Type IV fimbrial assembly, ATPase 
PilB 
197.7 133.0 56.1 33.6 120.1 46.3 125.1 31.4 
TIV Pili 3 
Type IV fimbrial assembly, ATPase 
PilB 
286.8 269.6 92.5 33.7 106.7 70.0 104.1 56.6 
TIV Pili 4 
Type IV fimbrial assembly, ATPase 
PilB 
35.9 19.3 33.6 23.3 26.9 16.0 30.0 15.1 
TIV Pili 5 
Type IV fimbrial assembly, ATPase 
PilB 
91.8 96.3 21.1 10.1 43.5 15.2 56.0 22.2 
Transport 1 ABC transporter, ATP-binding protein 47.6 16.6 33.7 23.8 36.1 18.6 38.5 25.7 
Transport 2 ABC transporter, ATP-binding protein 89.1 40.8 39.6 16.9 47.8 26.8 59.6 29.4 
Transport 3 ABC transporter, ATP-binding protein 50.4 44.9 40.8 43.5 103.4 133.0 113.1 155.2 
Transport 4 ABC transporter, ATP-binding protein 77.6 37.9 50.6 33.0 67.3 30.5 75.4 26.7 
Transport 5 
ABC transporter, ATP-binding protein 
(cluster 9, phospholipid) 
15.2 10.4 10.4 7.2 10.8 6.6 15.6 17.1 
Transport 6 
ABC transporter, ATP-binding protein 
(cluster 9, phospholipid) 
21.9 9.9 20.0 12.3 20.4 9.3 24.7 19.4 
Transport 7 
ABC transporter, permease protein 
(cluster 9, phospholipid) 
58.4 22.6 54.1 15.9 56.1 20.4 59.1 14.1 
Transport 8 
ABC transporter, permease protein 
(cluster 9, phospholipid) 
136.3 146.4 36.2 12.3 45.6 20.2 52.0 26.9 
Transport 9 
ABC transporter, permease protein 1 
(cluster 5, nickel/peptides/opines) 
80.2 34.0 54.8 25.6 42.0 17.9 59.1 19.2 
Transport 10 
ABC transporter, permease protein 1 
(cluster 5, nickel/peptides/opines) 
20.5 11.8 16.6 8.2 12.5 7.2 13.8 7.2 
Transport 11 
ABC transporter, permease protein 2 
(cluster 5, nickel/peptides/opines) 
47.6 17.2 40.5 12.5 32.5 11.6 36.1 8.5 
Transport 12 
ABC transporter, RND-adapter-like 
protein 
221.4 107.1 140.0 119.0 373.3 388.1 369.6 408.9 
Transport 13 
ABC transporter, substrate-binding 
protein (cluster 5, 
nickel/peptides/opines) 




ABC transporter, substrate-binding 
protein (cluster 5, 
nickel/peptides/opines) 
22.7 9.4 19.9 5.8 22.0 9.4 18.8 5.8 
Transport 15 
ABC-type antimicrobial peptide 
transport system, ATPase component 
34.4 25.5 38.3 26.7 79.9 39.9 68.8 46.0 
Transport 16 
ABC-type antimicrobial peptide 
transport system, ATPase component 
24.0 22.0 23.3 20.8 24.9 19.0 34.6 19.9 
Transport 17 
ABC-type antimicrobial peptide 
transport system, ATPase component 
24.6 18.5 29.7 15.1 40.8 28.9 35.8 28.4 
Transport 18 
ABC-type antimicrobial peptide 
transport system, ATPase component 
5.7 5.7 4.7 2.5 11.3 12.6 7.5 4.6 
Transport 19 
ABC-type antimicrobial peptide 
transport system, ATPase component 
5.9 4.1 4.0 3.1 4.0 3.1 4.1 4.0 
Transport 20 
ABC-type antimicrobial peptide 
transport system, ATPase component 
64.5 43.9 35.3 20.1 68.6 41.9 76.6 69.0 
Transport 21 
ABC-type antimicrobial peptide 
transport system, ATPase component 
340.7 169.1 435.3 274.3 978.2 443.5 961.6 572.0 
Transport 22 
ABC-type antimicrobial peptide 
transport system, ATPase component 
141.4 76.1 85.6 74.5 175.9 146.0 212.5 178.7 
Transport 23 
ABC-type antimicrobial peptide 
transport system, ATPase component 
429.9 552.2 68.1 45.2 124.9 120.9 125.8 146.2 
Transport 24 
ABC-type antimicrobial peptide 
transport system, permease component 
46.7 27.6 45.3 29.6 59.5 35.2 75.7 45.4 
Transport 25 
ABC-type antimicrobial peptide 
transport system, permease component 
26.0 10.0 26.1 14.1 37.7 19.6 41.2 18.4 
Transport 26 
ABC-type antimicrobial peptide 
transport system, permease component 
142.4 84.4 123.5 120.1 179.3 119.4 177.4 111.3 
Transport 27 
ABC-type antimicrobial peptide 
transport system, permease component 
87.7 49.7 73.3 72.2 127.9 75.1 138.7 104.0 
Transport 28 
ABC-type Fe3+ transport system 
protein; Molybdenum transport 
protein, putative 
157.5 210.0 29.3 10.3 36.2 26.2 31.4 10.2 
Transport 29 
ABC-type nitrate/sulfonate/bicarbonate 
transport system, ATPase component 
21.4 7.2 13.7 6.8 30.2 13.8 23.8 12.1 
Transport 30 
Acetate permease ActP (cation/acetate 
symporter) 
39.5 20.3 28.2 10.6 19.6 6.0 26.6 7.3 
Transport 31 
Acidobacterial duplicated orphan 
permease (function unknown) 




Acidobacterial duplicated orphan 
permease (function unknown) 
27.3 15.4 16.4 11.0 22.4 11.5 20.3 10.3 
Transport 33 
Acidobacterial duplicated orphan 
permease (function unknown) 
50.7 23.8 15.9 11.2 18.6 11.7 24.0 8.8 
Transport 34 
Acidobacterial duplicated orphan 
permease (function unknown) 
50.7 25.4 15.7 11.6 22.7 11.6 23.3 12.0 
Transport 35 Ammonium transporter 345.4 359.3 66.3 26.5 102.3 55.6 110.6 58.4 
Transport 36 Ammonium transporter 181.7 126.6 130.8 92.6 146.1 86.1 156.3 70.9 
Transport 37 
AttH component of AttEFGH ABC 
transport system 
21.4 7.9 13.9 6.7 25.8 7.9 18.3 7.4 
Transport 38 
Biopolymer transport protein 
ExbD/TolR 
123.2 99.3 35.8 18.5 88.5 51.2 75.5 27.4 
Transport 39 
Biopolymer transport protein 
ExbD/TolR 
92.9 81.2 58.0 30.6 33.4 11.2 70.8 57.0 
Transport 40 
Biopolymer transport protein 
ExbD/TolR 
393.3 208.6 437.7 116.0 264.3 103.3 309.9 107.6 
Transport 41 
Biopolymer transport protein 
ExbD/TolR 
84.6 105.0 28.8 12.6 15.3 4.2 23.3 11.0 
Transport 42 
Biopolymer transport protein 
ExbD/TolR 
35.0 21.1 32.9 22.4 28.0 27.7 35.1 19.3 
Transport 43 
Biopolymer transport protein 
ExbD/TolR 
426.2 289.4 133.4 31.3 218.6 113.6 210.5 142.1 
Transport 44 
Biopolymer transport protein 
ExbD/TolR 
1691.2 994.9 1527.9 1056.6 563.7 112.9 621.7 147.6 




63.1 20.9 65.5 33.7 66.6 40.5 59.7 33.6 
Transport 47 D-glycerate transporter (predicted) 38.4 23.1 48.3 28.0 45.3 20.3 45.1 23.5 
Transport 48 D-glycerate transporter (predicted) 62.5 47.4 67.8 50.8 75.7 58.2 77.5 62.6 
Transport 49 D-glycerate transporter (predicted) 50.3 45.9 36.6 24.3 23.7 9.4 28.0 9.7 
Transport 50 
Dipeptide-binding ABC transporter, 
periplasmic substrate-binding 
component 
22.5 15.1 17.0 11.1 11.3 6.5 14.6 6.7 
Transport 51 D-xylose proton-symporter XylE 31.0 24.8 18.0 7.5 9.7 6.4 10.0 11.0 
Transport 52 D-xylose proton-symporter XylE 13.6 7.8 17.5 7.8 22.1 9.2 19.0 14.4 
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Transport 53 D-xylose proton-symporter XylE 9.6 3.2 8.8 1.8 11.4 4.1 9.4 4.7 
Transport 54 
Efflux ABC transporter, ATP-binding 
protein 
139.8 63.0 104.5 48.2 681.3 566.7 605.2 610.9 
Transport 55 
Efflux ABC transporter, ATP-binding 
protein 
170.0 72.3 118.9 45.9 108.4 62.1 132.6 84.7 
Transport 56 
Efflux ABC transporter, 
permease/ATP-binding protein 
70.5 32.4 27.3 7.8 29.8 14.1 33.9 14.7 
Transport 57 
Efflux transport system, outer 
membrane factor (OMF) lipoprotein 
9.6 7.6 8.1 5.6 9.3 8.6 9.1 6.4 
Transport 58 Ferrous iron transport protein B 220.2 76.4 174.1 62.7 248.9 117.6 249.7 121.0 
Transport 59 Ferrous iron transport protein B 158.0 106.2 126.8 61.8 217.0 122.9 236.6 154.0 
Transport 60 Ferrous iron transport protein B 82.1 20.6 60.6 23.8 90.4 41.2 119.1 55.0 
Transport 61 Fluoride ion transporter CrcB 28.2 16.2 31.2 23.1 32.1 17.0 49.3 30.4 
Transport 62 Fluoride ion transporter CrcB 28.7 13.3 20.0 13.0 17.0 17.8 16.9 19.9 
Transport 63 
Gliding motility-associated ABC 
transporter ATP-binding protein GldA 
172.3 74.1 95.3 53.8 223.2 163.9 234.6 149.8 
Transport 64 
Gliding motility-associated ABC 
transporter permease protein GldF 
54.5 29.7 36.1 9.1 91.4 43.0 68.8 30.5 
Transport 65 
Hemin ABC transporter, permease 
protein 
503.7 238.1 617.2 281.9 308.7 134.5 303.3 123.5 
Transport 66 
Heterodimeric efflux ABC transporter, 
permease/ATP-binding subunit 1 
441.9 236.5 448.9 280.4 216.0 153.8 235.6 198.1 
Transport 67 
Heterodimeric efflux ABC transporter, 
permease/ATP-binding subunit 2 
244.5 122.8 243.1 231.7 140.9 82.0 182.0 162.3 
Transport 68 
Hydroxymethylpyrimidine ABC 
transporter, transmembrane component 
25.9 12.1 14.6 9.6 34.3 15.3 30.0 11.0 
Transport 69 
Lipopolysaccharide ABC transporter, 
ATP-binding protein LptB 
67.3 34.3 61.4 35.1 65.6 22.9 64.5 11.0 
Transport 70 Long-chain fatty acid transport protein 217.1 138.7 206.4 124.9 92.8 32.5 92.5 41.9 
Transport 71 L-rhamnose-proton symporter 84.1 21.6 105.5 30.8 53.9 24.7 61.4 25.8 
Transport 72 L-rhamnose-proton symporter 23.9 19.3 10.8 8.6 35.9 35.9 39.7 43.6 
Transport 73 Lysine exporter protein LysE/YggA 107.3 154.5 51.6 53.9 53.6 60.5 38.6 29.4 




Magnesium and cobalt efflux protein 
CorC 
37.5 25.6 35.5 26.3 32.0 13.6 44.5 17.8 
Transport 76 
Mg/Co/Ni transporter MgtE, CBS 
domain-containing 
178.3 86.5 195.2 45.0 152.5 72.1 149.0 60.1 
Transport 77 
MotA/TolQ/ExbB proton channel 
family protein 
134.0 39.0 134.0 39.5 79.0 37.6 105.5 53.2 
Transport 78 
MotA/TolQ/ExbB proton channel 
family protein 
79.1 86.2 38.6 14.9 44.7 23.8 49.1 29.9 
Transport 79 
MotA/TolQ/ExbB proton channel 
family protein 
837.0 404.8 442.1 222.0 538.8 288.6 600.2 416.4 
Transport 80 
MotA/TolQ/ExbB proton channel 
family protein 
56.7 28.7 29.5 16.4 22.8 24.9 31.8 10.4 
Transport 81 
MotA/TolQ/ExbB proton channel 
family protein 
23.2 17.2 12.9 8.6 14.7 12.8 17.8 9.3 
Transport 82 Multi antimicrobial extrusion protein 11.4 7.4 11.6 9.8 19.1 10.2 21.8 3.6 
Transport 83 Multi antimicrobial extrusion protein 27.6 18.3 25.0 22.8 32.9 21.7 37.1 38.1 
Transport 84 Na(+) H(+) antiporter subunit A 12.3 4.5 12.3 5.4 16.1 8.1 16.4 6.5 
Transport 85 Na(+) H(+) antiporter subunit B 7.1 6.3 7.0 5.3 15.6 9.5 8.7 5.3 
Transport 86 Na(+) H(+) antiporter subunit C 9.7 7.8 8.1 5.9 10.8 7.9 12.0 10.5 
Transport 87 Na(+) H(+) antiporter subunit D 16.5 8.6 9.6 5.4 16.0 10.0 19.9 3.9 
Transport 88 Na(+) H(+) antiporter subunit G 13.6 6.2 8.0 10.7 17.5 16.7 6.9 9.5 
Transport 89 Na+/H+ antiporter 111.2 83.4 82.9 49.5 100.8 40.7 119.0 43.3 




32.6 22.9 31.4 13.4 40.2 15.2 53.5 27.1 
Transport 92 Nucleoside permease NupC 70.0 30.9 67.6 43.7 116.8 70.6 121.8 61.8 
Transport 93 
Oligopeptide ABC transporter, 
periplasmic oligopeptide-binding 
protein OppA 
55.4 30.2 30.9 23.5 61.1 23.5 59.2 17.2 
Transport 94 
Oligopeptide ABC transporter, 
periplasmic oligopeptide-binding 
protein OppA 




Oligopeptide ABC transporter, 
periplasmic oligopeptide-binding 
protein OppA 
31.2 15.3 19.5 9.1 24.5 14.4 26.9 11.7 
Transport 96 
Oligopeptide transport ATP-binding 
protein OppD 
56.2 34.3 18.9 9.4 28.8 7.8 24.2 6.7 
Transport 97 
Oligopeptide transport ATP-binding 
protein OppD 
103.1 57.2 64.5 70.6 107.1 59.1 118.3 61.8 
Transport 98 
Oligopeptide transport ATP-binding 
protein OppD 
18.2 13.3 11.4 10.4 10.5 5.7 11.1 10.8 
Transport 99 
Oligopeptide transport ATP-binding 
protein OppF 
31.2 18.3 15.3 4.5 16.8 3.2 23.0 16.1 
Transport 100 
Oligopeptide transport ATP-binding 
protein OppF 
17.7 10.3 15.6 7.3 26.5 17.9 19.5 6.6 
Transport 101 
Oligopeptide transport ATP-binding 
protein OppF 
148.0 84.5 149.0 131.4 291.7 360.6 257.2 257.4 
Transport 102 
Oligopeptide transport ATP-binding 
protein OppF 
17.5 12.5 11.3 3.7 15.2 17.0 9.5 8.0 
Transport 103 
Oligopeptide transport system 
permease protein OppB 
128.9 90.8 70.8 45.1 136.1 102.9 125.2 67.2 
Transport 104 
Oligopeptide transport system 
permease protein OppB 
15.4 8.9 11.6 4.7 13.5 15.5 11.6 8.3 
Transport 105 
Oligopeptide transport system 
permease protein OppC 
102.7 91.4 71.0 77.3 134.0 75.8 135.9 66.6 
Transport 106 
Pedicted L-rhamnose permease, NCS1 
Family 
50.7 28.1 31.4 29.0 33.2 16.7 41.1 10.9 
Transport 107 
Permease of the drug/metabolite 
transporter (DMT) superfamily 
134.2 78.6 79.7 44.3 74.7 36.5 73.9 42.7 
Transport 108 
Permease of the drug/metabolite 
transporter (DMT) superfamily 
21.6 11.5 19.5 6.4 23.7 11.8 21.2 10.0 
Transport 109 
Phosphate ABC transporter, 
periplasmic phosphate-binding protein 
PstS 
756.3 567.8 113.1 62.3 249.2 158.1 249.3 158.8 
Transport 110 
Phosphate transport ATP-binding 
protein PstB 
254.4 146.4 200.0 184.9 353.4 223.3 376.7 185.8 
Transport 111 
Phosphate transport system permease 
protein PstA 
269.6 170.7 183.4 181.9 456.9 269.9 517.3 307.9 
Transport 112 
Phosphate transport system permease 
protein PstC 




Phosphate transport system regulatory 
protein PhoU 
302.0 145.5 265.0 226.3 377.0 163.0 373.5 177.7 
Transport 114 Potassium efflux system KefA protein 76.6 39.9 50.7 17.0 46.2 13.1 56.1 19.5 
Transport 115 Potassium efflux system KefA protein 146.9 99.7 75.1 27.4 60.5 33.8 76.4 34.5 
Transport 116 Potassium efflux system KefA protein 84.8 26.7 77.0 29.7 66.0 37.7 70.3 30.0 
Transport 117 Predicted maltose transporter MalT 51.7 33.0 74.8 108.4 83.9 70.6 98.3 77.1 
Transport 118 Predicted sialic acid transporter 14.3 8.9 12.6 6.4 13.8 8.6 16.9 6.4 
Transport 119 Predicted sialic acid transporter 25.4 13.4 21.6 8.7 21.3 9.5 21.4 8.0 
Transport 120 
Predicted sodium-dependent galactose 
transporter 
39.0 18.4 33.3 10.2 28.6 5.9 29.8 7.1 
Transport 121 
Predicted sodium-dependent galactose 
transporter 
48.0 23.9 46.0 33.0 48.1 23.4 58.6 32.7 
Transport 122 
Predicted sodium-dependent mannose 
transporter 
19.7 11.4 20.8 10.8 22.2 9.7 22.9 11.5 
Transport 123 Protein export cytoplasm protein SecA 19.3 14.9 27.9 31.7 29.0 48.3 19.9 19.6 
Transport 124 
putative divalent heavy-metal cations 
transporter 
86.4 36.5 74.0 35.7 57.7 12.5 53.9 11.1 
Transport 125 Putative nucleoside transporter yegT 65.0 18.3 48.7 20.5 43.0 18.5 40.8 20.8 
Transport 126 Putative transport protein 61.8 28.7 59.5 29.8 43.1 39.9 55.7 31.8 
Transport 127 Putative transport protein 53.3 15.2 44.6 29.5 65.3 35.2 67.7 46.8 
Transport 128 
Ribose ABC transport system, ATP-
binding protein RbsA 
45.2 21.6 34.3 28.9 26.5 22.0 30.7 16.0 
Transport 129 
Ribose ABC transport system, 
periplasmic ribose-binding protein 
RbsB 
100.1 30.3 89.4 32.2 60.4 29.4 70.0 31.4 
Transport 130 
Ribose ABC transport system, 
permease protein RbsC 
25.6 21.7 20.0 19.4 18.6 15.1 22.6 16.7 
Transport 131 
RND efflux system, inner membrane 
transporter 
47.5 15.3 30.5 13.1 55.6 20.4 73.6 28.9 
Transport 132 Sodium/glucose cotransporter 1 37.2 22.7 29.3 30.7 35.8 17.8 42.5 19.6 
Transport 133 Sodium/sugar cotransporter 34.8 16.3 22.2 11.3 16.4 12.9 25.2 13.2 




Sodium-dependent anion transporter 
family 
63.3 40.0 48.6 22.3 40.9 20.0 48.4 19.4 
Transport 136 Sodium-dependent transporter 24.0 19.2 18.3 13.1 23.3 14.2 32.9 18.8 
Transport 137 
Sodium-dependent transporter, SNF 
family 
65.7 26.5 40.1 12.0 60.4 14.3 78.4 37.6 
Transport 138 sodium-solute symporter, putative 177.9 110.4 200.2 150.5 169.6 82.5 164.2 95.5 
Transport 139 sodium-solute symporter, putative 58.2 28.3 59.6 29.3 72.1 27.3 80.0 41.6 
Transport 140 sodium-solute symporter, putative 13.5 11.9 12.4 8.0 9.0 6.7 10.7 6.3 
Transport 141 sodium-solute symporter, putative 31.1 9.1 29.0 12.4 25.9 22.3 21.5 16.5 
Transport 142 sugar and carbohydrate transporters 33.5 3.3 25.6 14.4 24.5 12.4 27.4 18.5 
Transport 143 TonB-dependent receptor 302.6 162.6 289.2 178.5 238.9 185.4 280.6 187.7 
Transport 144 TonB-dependent receptor 24.1 16.7 25.5 19.8 37.9 25.0 38.8 24.1 
Transport 145 TonB-dependent receptor 9.8 6.5 6.7 6.2 10.0 7.5 12.8 8.7 
Transport 146 TonB-dependent receptor 78.8 36.7 78.8 42.3 63.3 27.0 70.3 20.4 
Transport 147 TonB-dependent receptor plug 791.4 293.1 265.2 173.6 127.7 80.2 175.0 169.0 
Transport 148 
Transporter, sodium/sulfate symporter 
family 
30.7 14.9 33.0 11.3 21.1 10.2 27.9 8.9 
Transport 149 
TRAP-type C4-dicarboxylate transport 
system, large permease component 
46.8 32.3 21.1 12.7 24.8 12.6 31.0 16.8 
Transport 150 
TRAP-type C4-dicarboxylate transport 
system, periplasmic component 
45.4 37.3 18.7 9.9 32.8 15.2 33.8 18.1 
Transport 151 
Trk potassium uptake system protein 
TrkA 
85.3 35.1 54.7 19.9 65.2 25.3 65.0 14.3 
Transport 152 
Trk potassium uptake system protein 
TrkH 
24.5 9.8 22.1 10.0 30.8 10.5 38.6 6.7 
Transport 153 
Twin-arginine translocation protein 
TatA 
336.8 161.3 217.3 55.7 219.3 94.3 187.3 76.0 
Transport 154 
Twin-arginine translocation protein 
TatC 
53.4 17.3 49.5 15.9 34.1 14.6 33.0 23.0 
Transport 155 
Uncharacterized amino acid permease, 
GabP family 
41.5 19.4 45.4 17.4 38.4 17.2 47.6 11.3 
Transport 156 Uncharacterized MFS-type transporter 177.7 71.7 185.5 89.7 195.2 85.2 190.9 66.9 
Transport 157 Uncharacterized MFS-type transporter 30.9 10.2 22.5 9.9 28.4 15.7 35.3 11.8 
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21.2 13.1 32.4 15.1 27.4 10.4 32.0 12.4 
Transport 162 
Vitamin B12 ABC transporter, 
substrate-binding protein BtuF 
62.0 23.6 73.6 44.6 59.9 35.8 50.5 29.0 
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